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Tra. 11 PATENTEIYH Eve: 378 FASENACIONALI
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SUPERINTENDENCIA DE INDUSTKIA Y COMERCIO "~
DIVISION DE NUEVAS CREACIONES
E. S D.

Re: Expediente No. 06.027.688
Solicitud de patente a nombre de NOVARTIS AG

Yo, DILIA MARIA RODRIGUEZ D’ALEMAN, actuando como
apoderada sustituta de acuerdo con la sustitucién presentada el 21 de
septiembre de 2010, identificada como apatece al pie de mi firma,
domiciliada en la carrera 11 A No. 86-53, piso 6, obrando como apoderada
de la sociedad NOVARTIS AG., domiciliada en Basilea Suiza, solicitante
de la patente de la referencia, en respuesta al oficio No. 19414 notificado
por fijacion en lista el 15 de diciembre de 2011, relacionado con el concepto
técnico de fondo emitido por ese despacho, me permito manifestar lo
sigutente:

1. MODIFICACIONES NO ACEPTADAS

La senora examinadora indica en el numeral 2 del oficio 19414 que “La
rewvindicacion 1 menciona como caracteristica un ARIN de estructura de doble cadena con
por lo menso un extremo romo, que comprende una modificacion quimica que es
hidroxipropilfosfodiester. Sin embargo, tal modificacion no estd sustentada en la
descrepcion, de acuerdo con lo signiente:

A pesar de lo indicado por el solicitante en su respuesta del 29/08/2011 (folio

144-145) este tipo de cap 3' no habia sido divuleado como un alternativa de las

modificaciones del siRINA que podrian realizarse, ni en el aparte citado por el

solicitante ni en el resto de la descripeion

La modificacion quimica hidroxipropitfosfodiester tampoco corresponde a una de las

alternativas que tenia la rewindicacion 1 anterior, en la formula 1 general que

presentaba (folio 43);

No hay sustento dentro del capitulo descriptivo que muestre que la modificacion

hidroxcpropilfosfodiester estabiliza el siRINA contra la degradacion por nucleadas,
Teniendo en cuenta lo anterior, esta reivindicacion se considera una amplhiacion puesto que
es una inconsistencia vespecto a la informacion inicialmente vevelada en la solicitud. Por
tanto, el capitulo reivindicatorio presentado junto al memorial de fecha 29/08/2071
(folios 168-169) no serd tenido en cuenta.”
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Antes de contestar a estos argumentos, el solicitante desea hacer énfasis
sobre el hecho que las reivindicaciones abarcan un RNA de doble hebra
(por ejemplo un siRNA) que comprende un extremo romo que comprende
un extremo 3’ que comprende a su vez un hidroxipropilfosfodiester (C3).
El extremo 3’ lleva a cabo varias funciones, como se describe en la memoria
descriptiva.  Un extremo 3’adecuado debe: (1) estabilizar el siRNA, por

ejemplo, contra las nucleasas, y (2) permitir que el siRNA medie la
interferencia del RNA.

En este sentido, el solicitante se permite manifestar que no todos los
extremos 3’ son capaces de mediar ambas funciones. Los documentos
citados por la Oficina Colombiana de Patentes describen varios extremos 3’
los cuales no son capaces de llevar a cabo ambas funciones. Entonces,
es claro que el solicitante ha sido el primer investigador en demostrar que
este extremo 3’ en particular es capaz de realizar estas funciones.

Ya teniendo lo anterior claro, respetuosamente nos permitimos decir que no
nos encontramos de acuerdo con los argumentos expuestos por la sefiora
examinadora en cuanto a las modificaciones presentadas con nuestra

respuesta del 29 de agosto de 2011.

La descripcién de la presente invencidn indica que (1) el extremo 3” del
RINAds de acuerdo con la presente invencidon confiere una alta estabilidad 7»
vivo en medio de suero y de crecimiento para los cultivos celulares. Por lo
tanto, el dsRNA de acuerdo con la presente invencién no requiere
estabilizacion adicional contra la degradaciéon de nucleasa... (Por
favor, véase la pagina 11 entre las lineas 9 a 25 de la memoria descriptiva).

También es necesario dirigir la atencion de la senora examinadora sobre el
hecho que en la descripcién también se indican varios siRNAs que
comprenden el extremo 3’. Estos incluyen: C3-8646, el cual apunta hacia el
gen p2x3 (véase por favor la tabla 1 ubicada en la pigina 25 de la
descripcion.  Adicionalmente, la figura 1 muestra que este siRINA es
efectivo contra el gen p2X3 en células CHO. La descripcién también
muestra el C3-siRNA, el cual apunta a diferentes genes, hGAPDH (tabla 1).
Las figuras 2 y 3 demuestran que este siRNA es efectivo contra su objetivo
tanto en células CHO-K1 y en células HeLa.

Sobre este particular, el solicitante se permite adjuntar copia informal de la
solicitud WO2007/128477 (Anexo 1) que propotciona informacién adicional
a la que presenta la solicitud en estudio, relacionada con la estabilidad que
puede ser proporcionada por el extremo 3’ reclamado para varios RNA de
doble hebra contra nucleasas, en la invencion del presente caso.
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En efecto, dicho documento demuestra y corrobora lo indicado en la
presente invencion en cuanto a que varios siRNAs comprenden el extremo
3> reclamado. Estos incluyen dos siRNAs que comprenden un 3’
hidroxipropilfosfodiester que apunta a VEGFR2, principalmente a
VEGDR2-C3-siRNA1 y VEGFR2-C3-siRNA2 (véase por favor la tabla 3);
y dos siRNAs que comprenden un 3 hidroxipropilfosfodiester que apuntan
a Tie2, principalmente Tie2-C3-MOE-siRNA1 y Tie2-c3-MOE-siRNA2.

En este sentido, amablemente dirigimos la atencién de la senora
examinadora sobre el hecho que estas moléculas también comprenden un
2-MOE sobre al menos dos pares de bases de nucleétidos de cada hebra o
cordén. Las figuras 3 y 4 de dicho documento también muestran que el 3’
hidroxipropilfosfodiester fue capaz de estabilizar el siRNA. La descripcion
indica que, primero: los siRNAs fueron incubados en acido gastrico de
ratén por 2 horas (figura 3) y que no se observd ninguna degradacion en los
casos de C3 siRNA y C3-MOE siRNA, en tanto que se observd
degradacion de siRNA tipo nativo luego de 30 minutos.

Sobre este particulat, respetuosamente nos permitimos decit que aunque
consideramos que la informacién contenida en la presente solicitud es
suficiente para entender la invencion, también consideramos importante
citar el documento WO2007 /128477 mencionado anteriormente, dado que
el mismo proporciona informacién adicional utidl para la senora
examinadora en cuanto a que los siRNAs que comprenden el extremo 3
reclamado son capaces de mediar la interferencia de RNA en pruebas con
ratones. (Por favor, véase el ejemplo 12y las figuras 7y 11).

Aunado a lo anterior, también nos permitimos decir que el documento
citado también indica que la estabilidad en el fluido intestinal obtenido de
los lavados intestinales de rata, reveld casi la completa degradacién del
siRNA tipo nativo luego de 15 minutos, en tanto que para el compuesto
paterno en el MOE o/h siRNA, C3-siNRA, C3-siRNA y C3-Moe SiRNA
se observd para 60 minutos (figura 4). Por favor, véase la pagina 38, primer
y segundo parrafos.

Adicionalmente, nos permitimos presentar junto con esta respuesta datos
adicionales (Anexo 2) que demuestran la  eficaca del 3’
hidroxipropilfosfodiester.

Estos datos muestran la secuencia de siRNA hacia mFVII que comprende
el 3’ hidroxipropilfosfodiester. Este sitRINA ha incrementado la estabilidad
en suero de rato en 24 horas. El siRNA también fue capaz de mediar la
interferencia de RNA.
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Por consiguiente, todos estos datos demuestran que sIRNA apunta a
diferentes genes (p2x3, hGAPDH, VEGFR2, Tie2 y mFVII) cada uno con
el 3* hidroxipropilfosfodiester. En estos varios casos, el cap extremo 3’ es
capaz de realizar las dos deseadas funciones. FEl extremo 3’ puede: (1)
estabilizar el siRNA, por ejemplo, contra nucleasas, tanto como en suero
como en fluido intestinal; y (2) permitir que el siRNA medie la interferencia

del RNA.

En resumen, nos permitimos manifestar que contrario a los argumentos
expuestos por la sefiora examinadora, la presente invencidén muestra claro
sustento para el extremo 3’ reclamado tanto en la memoria descriptiva
como en los datos aportados por el cliente y en la solicitud relacionada
aportada por el solicitante.

De otra parte, en cuanto a que el extremo 3’ reclamado no corresponde a
una de las alternativas descritas en la anterior retvindicaciéon 1.
Respetuosamente nos permitimos decir que tampoco nos encontramos de
acuerdo con dicha apreciacion, toda vez que en la antigua reivindicacion 1
se establece la férmula I donde R1 es Y-Z, en donde Y es O (oxigeno), y Z
es alquilo, sustituido por un heteroatomo adicional, en donde el
heteroitomo es O (oxigeno) (por favor dirigirse a la pagina 32
reivindicacion 1 como fue originalmente presentada). Asi las cosas, de
manera respetuosa nos permitimos decir que, contrario a lo manifestado
por la senora examinadora, la modalidad en cuestion se encontraba
abarcada por la retvindicacion 1 originalmente presentada.

En gracia de discusion, también se hace importante sefialar de manera
respetuosa que: aunque no se hubiera cubierto dicha modalidad por el
capitulo reivindicatorio original, el solicitante estarfa igualmente en todo su
derecho y de acuerdo con lo establecido en el articulo 34 de la Decisidon 486
para reclamarla luego introduciendo dicha modalidad en las reivindicaciones
mediante modificacién a la solicitud, dado que, como se demostrd
anteriormente, dicha modalidad se encuentra debidamente sustentada en
la desctipcion y no va mas alla del alcance de la divulgacién contenida en
la solicitud inicial.

Por lo tanto, respetuosamente solicitamos a ese despacho retirar dichas
objeciones y proceder a evaluar el capitulo reivindicatorio que fue
presentado con nuestra respuesta del 29 de agosto de 2011 dado que con el
mismo se superan todas las objeciones planteadas por la sefora
examinadora en el Oficio No. 08910 del 3 de junio de 2011 y que fueron
mantenidas en el Oficio No. 19414 del 15 de diciembre de 2011.
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De otra parte, la senora examinadora indica que la composicion
farmacéutica de la reivindicacion 11 debe ser definida por las secuencias
especificas de RINA.

Sobre este particular, nos permitimos decir que no resulta ser necesatio
definir las secuencias, dado que como se muestra en la descripcidn y en los
datos adicionales citados anteriormente, el extremo 3’ reclamado es util para
siRNAs de muchas secuencias distintas que apuntan a muchos genes
diferentes. Por consiguiente, resulta a todas luces, innecesario que las
retvindicaciones requieran ser limitadas a secuencias particulares.

2. EVALUACION DE LOS REQUISITOS DE
PATENTABILIDAD.

La sefiora examinadora indica en su concepto técnico que los documentos
D1 (WO02/096927), D2 (WO03/070918), D3 (Czaudetna vy
colaboradores) y D4 (Hamada y colaboradores) afectan la novedad y el
nivel inventivo de la presente solicitud.

En relaciéon con los argumentos indicados por la sefiora examinadora, nos
permitimos respetuosamente reiterar que los extremos 3’ reclamados
realizan dos funciones sobre los siRNAs:
1) Incrementar la estabilidad, por ejemplo contra la nucleasas en el suero
y en los fluidos intestinales, y

2) Permitir la funcién del SIRNA.

En este sentido, necesariamente hacemos hincapié sobre el hecho que
ninguno de los documentos citados muestra un extremo 3’ que realice las
dos funciones anteriormente senaladas y que tenga una estructura como el
extremo 3’ reclamado en la presente solicitud.

En ese orden de ideas, respetuosamente nos permitimos decir que muchos
de los extremos 3’ descritos en dichos documentos no son capaces de
realizar al mismo tiempo las dos funciones anteriormente encontradas para
los extremos 3’ de la invencidon en estudio. Es mas, dichos extremos 3’
reportados en la técnica anterior no pueden ser empleados sobre siRNAs.

Aunado a lo anterior, el solicitante desea manifestar que la seleccién de un
extremo 3’ funcional no puede ser realizada de manera tedrica. Solamente
las pruebas empiricas conducitian al hallazgo de un extremo 3’ con funcién,
tal como el extremo hidroxipripilfosfodiester (C3) reclamado en la presente
mnvencion.
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En efecto, el documento D1 (WO02/096927) no muestra la eficacia de un
RNAds con un extremo romo y un Cap 3’ como el reclamado en la
solicitud en estudio.

De hecho, el documento D1 reporta una lista interminable de posibles
modificaciones para el extremo 3’ en la pagina 45 de dicha anterioridad.
Sobre este particular, también es necesario hacer énfasis sobre el hecho que
dicha lista es derivada de wuna publicacién anterior: Beaucage vy
colaboradores del ano 1993 publicada en la revista Tetrahedron 49: 1925
(véase por favor la pagina 45 entre las lineas 16 y 17 de D1). (Anexo 3),

En este sentido, el documento de Beaucage y colaboradores no resulta
pertinente en cuanto a la tecnologia de SIRNA, de hecho, dicho documento
hace referencia a una tecnologia distinta, es decir a oligonucledtidos anti-
sentido (ASO) o DNA de una sola hebra. Es mas, Researcher Pal
Saetrom (2004 Bioinformatics 20:3055-3063 (Anexo 4)) ha establecido que
el “anti-sentido y la RNA1 son tecnologias muy diferentes”, conclusiones
relacionadas con que los ASO no necesariamente aplican para siRNA vy
viceversa.

Aunado a lo anterior, es necesario sefalar que los ASO difieren en
estructura de los siRNAs. En efecto, los oligonicleétidos anti-sentido
usados en Beaucage y colaboradores son DNA de hebras sencillas. En claro
contraste, los siRNAs reclamados son RNA de doble hebra. Tampoco el
mecanismo de accion de los ASO y los SiRNAs es similar. Los
oligonucledtidos anti-sentido pueden hibridizar hacia mRNA creando un
hibrido RNA-DNA, el cual es escindido (cortado) por la enzima RNAseH.
Alternativamente, la hibridacién bloquea estéricamente la traslacion. Véase
por favor Pilowsky et al, 1994 Clin. Exp. Pharm. Physiol. 21:935-44 (Anexo
5). En consecuencia, ninguno de los mecanismos de los ASO son
empleados o usados por los SIRNAs.

La interferencia de RNA involucra la escision (ruptura) de una larga doble
hebra de RNA por medio de la enzima ribonucleasa III (lamada Dicer).
En este sentido, el solicitante amablemente dirige la atencion de la sefiora
examinadora a los articulos de Elbashir et al 2001 (Anexo 6) y de
Hammond et al 2001. Science 293:1146 (Anexo 7) donde se muestra que la
actividad biolégica de los oligonucledtidos anti-sentido y de los siRNAs
involucra entonces, diferentes enzimas y componentes biolégicos.
Saetrom (Anexo 4) concluye entonces que “los dos métodos se basan en
distintos mecanismos celulares (véase por favor el resumen).
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Los oligonucledtidos anti-sentido y los siRNA también difieren en su
tolerancia a las modificaciones quimicas. Czaderna y colaboradores hacen
referencia a que las modificaciones de desoxi abasicos invertidos y
modificaciones de exttemo amino son posibles para estabilizar las
moléculas anti-sentido, pero que reducen la actividad de siRNAs cuando
todos las cuatro terminales son modificadas (véase por favor la pagina 2710

de D3).

Asf las cosas, entonces, incluso si Beaucage y colaboradores 6 el documento
WO 02/096927 mostraran que la modificacidén del extremo 3’ reclamado
pudiera funcionar sobre ASO (lo cual de hecho no lo es), no haria obvio el
uso de este extremo 3’ en siRNAs. '

En este sentido, la sefiora examinadora podrd notar que varios articulos
cientificos se han ptesentado haciendo comparaciones especificas de
oligonucledtidos anti-sentido y siRNAs dirigidos a los mismos blancos en el
mismo gen. Los resultados con ASO incluso difieren dramaticamente de los
resultados con siRNAs. En efecto, en el articulo de Kretschmer-Kazemui
Far y colaboradores, publicado en el 2003 en Nucleic Acids Res. Numero
31:4417-4424 (Anexo 8) y en Vickers y colaboradores publicado en el 2003
en el Journal Biol. Chem, 278: 7108 (Anexo 9), proporcionan evidencia
adicional en cuanto a que las tecnologias ASO y RNA1 son distintas.

En resumen, los ASO y los SiRNas difieten en su estructura, tolerancia a la
modificacion quimica, en el mecanismo de accidn y en otros parametros, lo
cual permite concluir que los primeros no podrian ser aplicados a los
segundos.

Adicionalmente, los caps 3’ especificos enlistados en el documento WO
02/096927 incluyen muchos de los que fueron mostrados para ser
ineficaces con siRINAs. Estos incluyen:

» un “residuo abasico invertido (patte)” que fue mostrado al final para ser
un in-estabilizador del siRNA y no permitir la actividad del SiRNA
cuando esti presente sobre los extremos 5 y 3’ (Czauderna y
colaboradores 2003, véase por favor la figura 4B).

» un “fosfato aminohexilo” como un cap, el cual no fue capaz de
estabilizar el siRNA. De hecho, cuando esta presente sobre los extremos
5’y 3°, dicho fragmento previene la actividad del RNA1 (véase por favor
Czauderna y colaboradores, 2003 en la figura 4B, especificamente).

» un nucleétido de base modificada”; sin embargo, los nucleétidos de
base modificada tal como los 5-propinil-U fueron mostrados por no
estabilizar el siRNA ni permitit la actividad del RNAi Por favor
referirse al documento Deleavey y colaboradores 2009 Curr. Prot. Nucl.
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Acid Chem. 16.3.1-16.3.22 (Anexo 10) y Terrazas y colaboradores 2009,
Nucleic Acids Res. 37:346-353 (Anexo 11).

Por consiguiente, el documento D1 (WO02/096927) no proporciona
ningun dato que muestre que el extremo 3’ reivindicado es efectivo en la
proteccion de siRNAs de nucleasas y que permita la actividad de siRNA.
De hecho, D1 proporciona una lista interminable de posibles caps de
extremo 3’, donde dicha lista se encuentra derivada de un documento
dirigido a una tecnologia distinta (ASO) que incluye muchos caps de
extremo mostrados como no funcionales en siRNAs. Por lo que
claramente este documento no puede afectar ni la novedad ni el nivel
inventivo de la presente solicitud.

Por su patte, el documento D2 (W0O03/070918) tampoco muestra que la
modificacién del extremo 3’ reclamado pueda proteger el siRNA de la
degradaciéon y que permita a la vez la actividad del siRNA. De hecho, D2
también proporciona una lista de posibles caps de extremo 5 y 3’ en las
paginas 80 y 81 de dicha anterioridad. No obstante, al igual que en el caso
de D1, 1a lista mostrada en D2 se encuentra derivada de una lista mostrada
en la patente estadounidense No. 5,998,203 (véase por favor el documento
D2 en la pagina 80), la cual unicamente proporciona un uso meramente
especulativo de caps de extremo sobre ribozimas.

Estas ribozimas son también tecnologias distintas a las del siRNA de
W003/070918 (D2) y la tecnologia de la presente solicitud. Como se
describe mas abajo, las ribozimas y los siRNAs difieren en estructura,
preferencia de secuencia blanco y en el mecanismo de accién. De hecho, no
pueden reconocer las regiones blanco.

En Estructura. Los siRNAs comprenden un RNA de doble hebra y en
contraste las ribozimas son una hebra sencilla de RNA con una tnica
estructura secundaria. Distinto al siRNA, la secuencia blanco es dividida
en DOS brazos fisicamente separados (véase por favor Wang vy
colaboradores, 2004. Methods Enymol. 389:244-264 (Anexo 12)). Como se
establece en Wang et al y en Miyagishi et al 2003 Antisense Nucl. Acid
Drug Dev 13:1-7 (Anexo 13), los siRNAs y las ribozimas también difieren

en las secuencias blanco preferidas.

En Mecanismo de accion. Los siRNAs requieren de un complejo silenciador
inducido por RNA (RISC) para reconocer y escindir el RNA objetivo, en
tanto que las tibozimas no requieren de tal RISC y tienen su propia
actividad enzimatica. Véase por favor Miyagishi et al. (Anexo 13) y
Kawasaki et al. 2004 Differentiation 72.58-64 (Anexo 14).
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En este sentido, la sefiora examinadora podra corroborar que varios
investigadores han realizado comparaciones especificas de las ribozimas y
de los siRINAs que cuyo objetivo son las mismas regiones blanco. Estos
investigadores incluyen a Miyagishi y colaboradores y Wang vy
colaboradores. Estos cientificos encontraron que las ribozimas y los
siRNAs que hacen blanco en las mismas secuencias no siempre lo hacen de
una manera funcional idéntica. Ademas, muchos de los caps de extremo
expuestos en D2 fueron encontrados luego como caps que no funcionan
con siRNA. Estos incluyen:

» un “residuo abdsico invertido (patte)” que fue mostrado al final para ser
un in-estabilizador del siRNA y no permitir la actividad del SiRNA
cuando esta presente sobre los extremos 5 y 3 (Czauderna y
colaboradores 2003, véase por favor la figura 4B).

» un “fosfato aminohexilo” como un cap, el cual no fue capaz de
estabilizar el siRNA. De hecho, cuando esta presente sobre los extremos
5’y 3, dicho fragmento previene la actividad del RINA1 (véase por favor
Czauderna y colaboradores, 2003 en la figura 4B, especificamente).

> un “nucledtido de base modificada”; sin embargo, los nucleétidos de
base modificada tal como los 5-propinil-U fueron mostrados por no
estabilizar el siRNA ni permitir la actividad del RNAi. Por favor
referirse al documento Deleavey y colaboradores 2009 Curt. Prot. Nucl.
Acid Chem. 16.3.1-16.3.22 (Anexo 10) y Terrazas y colaboradores 2009,
Nucleic Acids Res. 37:346-353 (Anexo 11).

En este sentido resulta importante senalar que el documento US5,998,203
sobe el cual se basa el documento D2 (WO03/070918) también hace
referencia al uso de un 3’ fosfato como un cap de extremo 3’ (véase por
favor el parrafo [017]), pero este fue luego mostrado como un cap de
extremo que no permite la estabilizacién del extremo 3’ de un siRNA y no
permite la actividad del RNA1L Véase por favor el documento Schwarz y
colaboradores del 2002 publicado ¢n Mol. Cell 10:537-548 (Anexo 15) y el
documento de Lipardi et al del 2011 publicado en Cell 107:299-307 (Anexo
16). Estas referencias proporcionan evidencia adicional sobre el hecho que
el documentos US 5,998,203 en el cual se basa el documento D2, no es una
referencia confiable para los caps de extremo de siRNAs.

Asi las cosas, respetuosamente nos permitimos manifestar que el
documento D2 (WO03/070918) no proporciona dato alguno relacionado
con que el extremo 3’ reclamado en la presente solicitud sea efectivo en la
protecciéon de siRNAs de nucleasas y que permita la actividad siRNA. De
hecho y en claro contraste, D2 proporciona una lista enorme de posibles
caps de extremo 3’. Esta lista que es derivada de un documento relacionado
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con una tecnologia diferente (ribozimas) incluye muchos caps de extremo
que luego se ha mostrado que no son funcionales en siRNAs. Incluso s1 D2
o el documento US del cual se basa D2 mostrara que el extremo 3’
reclamado fuer funcional sobre ribozimas (lo cual no lo es), no haria obvio
el uso del extremo 3’ reclamado sobre siRNAs. Motivos por los cuales
claramente, este documento tampoco puede afectar ni la novedad ni el nivel
inventivo de la presente solicitud.

En relacién con el documento D3 (Czauderna et al) respetuosamente nos
permitimos decir que dicha anterioridad no puede afectar ni la novedad ni el
nivel inventivo de la solicitud en estudio, toda vez que la misma no reporta
ni hace evidente el extremo 3’ reivindicado.

En efecto, los extremos 3’ descritos por Czauderna (D3) son modificacién
abasicas desoxt invertidas (iB) y modificacién de extremo amino (NH2),
ninguna de las cuales, cae dentro del alcance de la presente invencidén. Aun
mas, ninguna de las modalidades de Czauderna (D3) que comprenden estos
extremos 3’ tiene un RNA de doble hebra y con extremos romos, como se
reclama en la presente invencién. Por ejemplo, D3 describe el uso del 1B en
la figura 1A, pero en dicha modalidad no se hace la modificacién sobre un
RNA de doble hebra. EI NH2 y el iB también se describen en la Figura 4A
y 4B pero ninguna de las moléculas descritas por D3 redujeron la
interferencia de RINA: “la induccidén de RNA1 por duplicados de siRNA con
una modificaciéon de NH2 6 1B fue reducida dramaticamente cuando todas
las cuatro terminales fueron modificadas” (véase por favor la pagina 2710,
columna 1, primer parrafo). Los extremos por si mismos no fueron capaces
de proteger a la molécula de la degradacidn. “Con e/ fin de probar si las
modificactones terminales eran capaces de incrementar la estabilidad en suero, se
incubaron los duplicados de siRINA...en suero...ninguna de las modificaciones de

exctremo INH; 0 1B estabiligaron los duplicados de siRINA de manera significativa.”

Por consiguiente, la sefiora examinadora podra dar cuenta que D3 no
describe el extremo 3’ (C3) reclamado y no muestra que pueda (1) proteger
una molécula de siRNA contra la degradacion y (2) que permita la actividad
siRNA. Asi las cosas, claramente este documento no puede afectar ni la
novedad ni el nivel inventivo de la presente solicitud.

Finalmente, la anterioridad D4 (Hamada et al), tampoco puede afectar la
novedad y el nivel inventivo de la solicitud en estudio, toda vez que la
misma no reporta ni hace evidente el extremo 3’ reivindicado.

En efecto, D4 muestra dos tipos de caps de extremo: el 2’-O, 4’-cetilen
timidina (eT) y el 2-hidroxietil fosfato (hp). Como primera medida se hace
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necesario sefialar que ninguno de estos se encuentra abarcado por la
presente invencidn a la luz del capitulo reivindicatorio que no fue aceptado
por la sefiora examinadora. A diferencia del extremo 3’ reclamado, los
extremos reportados en D4 no son capaces de proteger el siRNA de la
degradacion ni permiten la actividad siRNA.

El dsRINA con extremo romo con en el cap de extremo eT fue incapaz de
mediar la actividad RNAi, como asi se puede corroborar en la pagina 305 en
la oracion que une las columnas 1y 2 de D4.

El RNAds con el extremo hp también ha reducido la actividad de
interferencia del RNA. Esto también lo pone de manifiesto D4 en la pagina
305, columna 2. De hecho, la sefiora examinadora puede corroborbar que
D4 indica que “no se detectd un efecto de RNA1 mejorado [después] de
cuatro dias” (paginas 305, columna 2). También podra notar que D4 indica
que el extremo 3’ hp no se muestra sobre el RNAds de extremos romos
(véase por favor figura 3 de D4).

En resumen, D4 no reporta ni sugiere extremos 3’ que efectivamente
medien la actividad de interferencia de RNA. Es mas, D4 no describe el cap
de extremo 3’ reclamado (C3) y no muestra que pudiera tener la proteccion

de la molécula de siRNA contra la degradacién ni que permitiera la
actividad siRNA.

En conclusién, nos permitimos manifestar que ninguno de los documentos
arriba discutidos y que fueron citados por la sefiora examinadora muestra
que el extremo 3’ (C3) reclamado sea capaz de ejercer funcidén sobre una
molécula de doble hebra, principalmente ejercer la funcién de proteger la
molécula de la degradacion y permitir la actividad de siNRA.

Habiendo atendido cabalmente las objeciones presentadas por ese
despacho, atentamente solicitamos sea aceptado el pliego rervindicatotio
presentado el 29 de agosto de 2011, el cual a todas luces no amplia de
ninguna manera el alcance de la solicitud como fue originalmente
presentado y conceda el privilegio de patente de invencidén a la presente
invencién o si el examinador considera que subsisten razones para objetar la
presente invencién ruego expedir otro examen de fondo con los debidos
motivos y razones que sustenten su objeciéon con el fin de que mi mandante
tenga la posibilidad de exponer sus argumentos con base en la
interpretacion de los articulos 45 de la Decision 486 -el cual otorga la
facultad al examinador para emitir los examenes de fondo-, 35 y 59 del
Cdodigo Contencioso Administrativo que sefiala que: “babiéndose dado
oportunidad a los interesados para excpresar sus opiniones, y con base en las pruebas e
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informes disponibles, se tomard la decision que serd motivada al menos en forma sumaria
5t afecta a particulares” y “(.) debera proferirse la decision definitiva. Esta se motivard
en sus aspectos de hecho y de derecho, y en los de comveniencia si es el caso”,
respectivamente (El subrayado es nuestro).

En consecuencia, solicitamos a ese despacho pronunciatse en relacion con
todos los argumentos presentados en este memorial dando estricta

aplicacién al principio del debido proceso consagrado en el atticulo 29 de la
Constituciéon Nacional

Sefior Supetintendente,

DILIA MARIA RQDRIGUEZ D’ALEMAN
C.C.41.654.882 de ogota
T.P. 20824 CSJ

@&%/7%@/

00001 2

o 107N



@

P_1072N

Clarke, Modet & C°

COLOMBIA

ANEXO 1

13

000013



e AU L

710000

(32) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

CORRECTED VERSION

(19) World Intellectual Property Organization lq
Intemational Bureau

(43) Internationa) Publication Date
15 November 2007 (15.11.2007)

1RG0 D R AT L

{10} International Publication Number

WO 2007/128477 A2

($1) Internstionn) Patent Classification:
CIZN IS/11 (005,01

1) Internationzt Application Number:
PCT/EP20071003867

(22) Internationsl Filing Date: 2 May 2007 (02.05.2007)
(1) Filing Langusge: English
{26) Publication Language: English
(30) Priorlty Data:
06088389 4May 2006 (04.052006)  GB
1) Applicast for al deigasedStes eyt T, US: NO-
G [CHICH): Lichtsuasse 35, CH-4056 Basel
<Cm
| AT/ATI: Brunncs Strasse 9, A-1230 Vienna (AT),
(72) Taventor; and
(15) Loventor/Applicant (for US only): NATT, Frangols,

Jean-Charfes FRIFRL; 13, rue des Loriols, F-68220
Hesingoe (FR).

5

=

=

== (1) Applicant (for AT orly): NOVARTIS PHARMA GMBH
= ! )

=

(74) Agent: GRUBER, Markus; Novartis AG, Corporate [n-
tellectaal Property, CH-4002 Basel (CH).

(1) Designated States (unless otherwise indicated, for every

CN. €O, CR, CU, CZ. DE, DK, DM, DZ, BC, EE, B, ES.
F1, GR, GD, GR, GH, GM, GT, HN, HR, WU, D, I, IN,
IS, JP. KE. KG, KM, KN, KP, KR, KZ LA, LC, LK, LR,
LS. LT, LU. LY, MA, MD, MG. MK. MN. MW, MX. MY.
MZ, NA, NG, N1, NO, NZ, OM, PG, PH, PL, PT, RO, RS,
RU, SC, SD, SE, SG, SK, SL. SM, SV, SY, TJ, TM, TN,
TR TT, TZ. UA, UG, US. UZ VC, VN, ZA, ZM. ZW.

(84) Designated States (unless otherwise indicaied. for every
kind of regional protection availabley: ARTPO (BW, GH,
GM., KE, LS, MW, M2, NA. SD, 5L, S2. T2, UG, ZM,
ZW), Eunssinn (AM, AZ, BY, KG, KZ MD, RU, TJ, TM),
Eumpean (AT, BE, BG, CH, CY, CZ, DE, DK. EE, ES, FI,
FR.GB, GR. HU. (8, IS, IT, LT, LU. LV, MC. MT, NL, PL,
PT, RO, SE, 5L, SK, TR), OAPI (BF, BJ, CF. CG, C1, CM,
GA. GN, GQ. GW, ML, MR, NE. SN, TD, TG).

Declaration under Rule 4.17

—  as10 applican’s enitlemens to apply for and be granted a
patent (Rule 4.17(15))

Publisted:

— without insemationat search report and o be republished
wpon receipi of tha report

(48) Date of publication of this corrected verskon:
10 January 2008

(15) foformation sbout Correction:
see PCT Gazette No, 0242008 of 10 January 2008

For two-enercodesand ot abbreviations e 0 te “Guid-

£=  kindof narional ble): AE, AG, AL, AM,

AT, AU, AZ, BA, BB, BO, BH, BR, BW, BY, BZ, CA,CH,

" appearing ai the begin-
ning of each regulor issue a/m PCT Gatene.

(s'l) Abstract:

(54) Title: SHORT INTERFERING RIBONUCLEIC ACTD (siRNA) FOR ORAL ADMINISTRATION

id siRN, i RNA strands

heseia each ides or fess, and wherein o least

one f whieh s comaie e ane sheies o

WO 2007/128477 A2 IIIHHII\

WO 20077128477 PCT/EP2007/003867

Short interfering ribonucieic acid (SIRNA) for oral administration

Backerouod:

RNA interference initially discovered in plants as Post-Transcriptional Gese Silencing
(PTGS), is a bighly conserved mechanism triggered by double-stranded RNA (dsRNA) and
able to down regulate transeript of genes bomologous to the dsSRNA'. The dsRNA is first
processed by Dicer into short duplexes of 2£-23 nt, called short interfering RNAs (siRNAsY.
Incorporated in RNA-induced silencing complex (RISC) they are able to mediate gene
silenciog through cleavage of the target mRNA in the ceater of the region of homology by
Asgonate 2, a componeat of RISC. fn 2001, Elbashic et ai demonstrated that the direct

introduction of synthetic siRNAs would mediate RNA interference gene silencing
drosophila but also in mammalian cells. Siace then, siRNA-mediated gene silencing bas
become 2 powerful and widely-used molecular biology tool in botb target identification target
validation studics. Use of siRNAs for gene sileacing in animal studies has been described in a
limited amoust of animat models. Unmodified siRNAs were delivered locally in the vye .

or i in the central %, and intranasally for the

inhibition of respiratory viruses”. Intravenous hydrodynamic tail vein injection of unmodificd
SIRNAS bes also been studied This approach allows 2 rapid delivery, mainly to the fiver®. A
very limited number of studies have been reported on the systemic administration of

uamodified sIRNAs. Duxbury et al’ administered intravenously unmodified siRNAs targeting

+ Focal Adhesion Kinase to an orthotopic tamor xerograft mice model, and obscrved a tumor

growth inhibition as well as a chemosensitization to gemcitabine. Soutscheck et al reported
the systemic use of highly :!u:mu‘-ally modified siRNAs for the cadogeneous silencing

in B. of. i-ApoB SIRNA at the high dose
of 50 mg/kg reduced ApoB protein ievel end Lipoprotein concentration™®. Despite these
examples, in vivo use of SIRNAS upon systemic delivery requires improvemests in order to

make this techaology widely applicable for target validation or therapeutic applications.
Indeed, uamodified SIRNAS resubjct o eazymatic digestion, maily by nucieases abuncaat
of siRNAs several groups

in the In order to imp
investigated chemical modification of these reagents. While the approaches described are very
different among themselves and that no systematic study was yet performed, an overview of
the results allows to determioe the tolerance of siRNAs to chemical modifications. Several
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chemistries such as phosphorothioates*’ o boranophosphates'?, 2°-0-Methyl”, 2°-0-allyl™,
7" (MOE)and 2" y ides' or Locked Nucleic Acids (LNA)'®
highlighted that tolerance for modification is ot only

have becn fovestigated. These stuc
chemistry-dependent, but also position-depeudent.

The present invention provides a minimally modified SIRNA with improved
pharmacotogical properties. The minimally modified s;IRNAs are 19bp double-stranded RNA.
‘modified on the 3"-end of each strand in order to prevent 3'-exonuclease digestion: the 3'-
dideoxynucleotide overhang of 21-nt siRNA bas been replaced by a universal 3'-

moiety and the owodification of the two fiest base-pairing
nucleotides on 3*-¢ad of each strand further enhances serum stability. Applied
intraperitoneally or orally to adult mice, the modified SiRNAs displayed higher poteacy in a

growth factor induce angiogenesis model which correlates with their increased serum
stability.

Sul

In one aspect, the present invention provides a short interfering ribonucteic acid
(SIRNA) for oral administration, said SIRNA comprising two scparate RNA strands that are
complementary o each other over at least 15 nucleotides, whercin each strand is 49
nucleotides of less, and wherein at least one of which strands contains at least ooe chemical

‘modification.
In one embodiment, the sIRNA comprises at least one modified nucleotide.
In another embodiment, the SIRNA comprises at lcast one 3" end cap.

In another said modi ide is selocted fre r
r il 2 locked nucleic acid ribonucleotide
{LNAY), 2"-luoro ribonucleotide, morpbolino aucleotide.

1o zoother embodiment, said modified nucleotide is sclected from among nucleotides
having a modified i ide li from among
ithi and amide linkages.

In another cmbodiment, said two RNA strands are fully complementary to cach other.

In another embodiment, said siRNA comprises a 1 10 6 nucleotide overhang on at least
one of the 5" end or 3* end.

WO 2007/128477 PCT/EP2007/003867

In another embodiment, the SiRNA contains at least one 3 cap, which is chemical

‘moiety conjugated to the 3* end via the 3" carbon and is selected from among compounds of

Formuls [
)|
ro~ﬁAsg
X (Formula ]
wherein
XisOorS

Ry and R, are independently OH, NH,, SH, alkyl, aryl, alkyl-aryl, aryl-alkyl, where
alkyl, aryl, alkyl-aryl, aryl-alkyl can be substituted by additionat heteroatoms and
functional groups, preferably a heteroatom sclected from the group of N, O, or S ora
functional group selested from the group OH, NHz, SH, carboxylic acid or ester;

or Ry and Rz may be of formula Y-Z where Y is O, N, $ and Z is H, alky), aryl, alkyl-
aryl, aryl-alioyl, where alkyl, aryl, alkyl-aryl, aryl-alkyl can be substituted by
2dditional beteroatoms, prefersbly a heteroatom selected from the group of N, 0, or S.

In another embodiment, the sIRNA cootains at lcast one strand which is
complementary over at least 1S nucleotides to the mRNA or pre-mRNA of VEGFR-1,
'VEGFR-2, VEGFR3, Tie2, bFGFR, IL3RA, IL8RB, Fas, or IGF2R.

In another embodiment, the siRNA contains at least one strand which corprises 8
sequence sclected from SEQ 1D NO 1 - 900.

in another embodiment, the SiRNA is chosen from the group consisting of SEQ ID NO
901-930.

In agother ermbodiment, the SIRNA bas a stability in  standard gastric acid assay that
is greater than an uamodified SSRNA with the same ucleotide sequence.

[n avother embodimeat, the SIRNA bas a stability in a standard gastric acid assay that
is greater than or equal to 50% afier 30 minutes exposure.

In another embodiment, the SIRNA bas a stability in  standard serum assay greater
than unmodified SIRNA.
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In another embodiment, the SiRNA has a stability in a standard serum assay that is
greater than or equal 10 50% after 30 miautes exposure.

10 another embodiment, the SIRNA has 2 stability in a standard intestinal lavage assay
that is greater than unmodified SIRNA.

In another embodimeat, the SIRNA bas an enhanced oral bioavailability compared to

o ified siRNA of the same nucleotids

In one aspect, the invention provides  pharmaceutical composition comprising an
SiIRNA with any one or more of the above properties.

In another aspect, the inveation provides an SiRNA with any one or more of the above
properties for use as a medicament.

In snother aspect, the fovention provides the use of an SiRNA with any ane or more of

the above properties in the preparation of a medi for treating an

Un another aspect, the inveation provides the use of 20 SIRNA with any one or more of

the above properties to inhibit an angiogenic process in vifro.

Brief Description of the Drawio;

Figure 13, 1b, 1¢, 1d »ad Ie: Metabolic degradation of unmodified siRNA pGL3-
SIRNA (wild-type SiRNA in mouse serum); a-c) lon Exchange-HPLC analysis of unmodified
SIRNAs after incubation in mouse serum for 0°, 30° and 180°; ARez 30 of incubation at 37°C,
major peak in the foo Exchange HPLC was isolated and re-injected in LC-MS, d table of
detected molecular weights and their assignments; ¢} ES1-MS spectrum

Figure 2: iliustration of four double-stranded RNA formats: wild-type (or
uamodified) siRNA. MOE o/b siRNA, C3-siRNA and C3-MOE siRNA.

Figure 3: Stabiliry of IRNA in 3 different formats in mouse gastric acid. Samples
were incubated at 37°C in mouse gastric acid at a 2 micromolar concentration. Dissppearance
of parcnt compound was followed over 2 2.6 hours period by quaatifying the parent
compound band.

Laae 1-7: wild-type siRNA in gastiic acid at £=0, 5, 10, 15, 30, 60 and 120 min

4
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Lane 8: ds RNA ladder (30, 21, 19, 16, 13, 10 bp)
Lane 9-15: C3 siRNA in gastric acid at t=0, 5, 10, 15, 30, 60 and 120 min

Lane 16: ds RNA ladder (30, 21, 19, 16, 13, 10 bp)

Lanc 17-24: C3-MOE siRNA in gastric acid at t=0, 5, 10, 15, 30, 60 and 120 min

Figure 4: Stability of SIRNA in 4 different formats in intestinal lsvage. Samples were
ineubated at 37°C in liver mi 18 5 micromotar i
(From left to right)
Lanc 1: ds RNA ladder (30, 21, 19, 16, 13, 10 bp)
Lane 2.7: witd-type siRNA in intestioal favage at =0, 15, 30, 60, 180 and 360 min
Lane 8-13: moe o/h siRNA in intestinal lavage at =0, 15, 30, 60, 180 and 360 min
Lane 14-19: C3 siRNA in intestinal favage at £=0, 15, 30, 60, 180 and 360 min
Lane 20-25: C3-MOE siRNA in intestinal tavage at 1=0, 15, 30, 60, 180 and 360 min

Figure 5: Stabi of siRNA in 4 different formats in liver microsomes. Samples
were incubated at 37°C in intestinal fluid from rat intestinal lavage at a 2 micromolar
concentration.

(From teft to right)
Lane I:ds

Figure 6: Stability of IRNA in 4 different formats in mouse scrum. Samples were

incubated at 37°C ia mouse scrum at 3 2 micromolar coneentration. Disappearance of pareat
compound was followed over a 6 hours period by quantifying the parent compound baod.
(From lef to right)

Lanc §:ds RNA ladder (30, 21, 19, 16, 13, 10 bp) RNA ladder (30, 21, 19, 16, 13, 10 bp)
Lane 2: wild-type siRNA untreated

Lane 3: moe o/h SiRNA untreated

Lane 4: C3 siRNA untreated

Lane 5: C3-MOE siRNA untreated

Lane 6-9: same as 2-5 in liver microsomes =0

Lage 10-13: same as 2.
Lane 14-17: same as 2-5 in supernatant S12 =0

in liver microsomes ¢=60"

Lane 18-21: same as 2-5 in supernatant S12 =60"
Lane 2-7: wild-type SiRNA in mouse serum at ©=0, 15, 30, 60, 180 and 360 min
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Lane 8-13: moc o/h siRNA in mouse serum at t=0, 15, 30, 60, 180 and 360 min
Lane 14-19: C3 siRNA in mousc serum at =0, 15, 30, 60, 180 and 360 min
Lane 20-25: C3-MOE siRNA mouse serum at 1=0, 15, 30, 60, 180 and 360 min

Figure 7: Characterization in cellulo of 3 formats of anti-VEGFR2 $iRNA (2
independent sequences). Wild-type siRNA, C3-5iRNA and C3-MOE siRNA were transfected
into MS1 cells at three concentrations (1, 5, 10 nM). Silencing potency was assessed by
measuring VEGFR2 cell surface level by FACS.

Figure 82 and 8b: #n vivo testing of wild-type siRNA, C3-siRNA and C3-Moe
SIRNA in 2 growth factor induced angiogenesis “Agar Chambes™ mouse model. Figure $a
sbows the results of controls, unmodified VEGFR2 siRNA and C3 modified VEGFR2 siRNA
at 1, 5 and 25 micrograms per mouse per day. Figure 8b shows controls, C3 modified
VEGFR2 siRNA and of C3-MOE VEGFR2 siRNA at0.2, | and 5 micrograms per mouse per
day. In each case pools of 2 anti-VEGFR2 siRNAs were given daily intraperitoneally for
three days.

Flgure 9: In vivo tesiing of anti-VEGFR2 C3-MOE siRNA given intraperitoncally
(i.p.) in a B16 homograR melanoma tumor mouse model at $ and 20 micrograms per mouse
treatment with modified VEGFR2 SIRNA significantly
injection of VEGFR2 siRNA at
20 ug per mouse results in significant inhibition of tumour growth.

per day. Figure 9a shows that

reduces tumour development. Figare 9b also shows that i

Figure 10: n vivo testing of C3-MOE siRNA in a growth factor induced angiogenesis
mouse model. anti-VEGFR2 siRNAs were given daily orally for three days at 20 micrograms
‘per mouse per day.

Figure 11: /n vivo testing of C3-MOE siRNA in a growth factor induced
angiogenesis mouse model. anti-Tic2 SIRNASs were given daily intraperitoncally (1 and 0.2
micrograms pet mouse per day) or orally (20 and S micrograms per mose per day) for three
days. Figure 11a: weight of excised tissue; Figure 11b: Tie2 protein knock-dowa
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Detailed Disclosure of the lnven{

The preseat invention relates to compositions and methods for treating angiogenic
disorders in a mammal. Spcifically, the inventioa relates to smal-intecferiog RNA
{(“siRNA"™) which may be used to treat angiogenic disorders upon oral administration to a

mammal.

Angiogenesis targets in vascular endothelial cells include the following targets/genes:
VEGFR-1 (GeaBank Accession # AF06365); VEGFR-2 (GenBank Accession # AF063658);
VEGFR-3 (GenBank Accession # (NM_002020); Tie2 (TEK) (GenBank Accession #
NM_000459); bFGFR (GenBank Accession # M60485); ILSRA (GenBank Accession #
L19591); IL8RB (GenBank Accession # L19593); Fas (GenBank Accession # X§9101);
iGF2R (GeaBank Accession # NM_000876).

The siRNA molecules according to the present iavention mediate RNA interference
(“RNAI"). The term “RNAI™ is well known in the art and is commaonly understood to mean
the inbibition of one or more target genes in a cell by SiRNA with a region which is
complementary to the targes geme. Various assays are knowa in the art to test siRNA for its
ability to mediate RNAI (see for instance Efbashir et al., Methods 26 (2002), 199-213). The
effect of the SIRNA according to the preseot iovention on gene expression will typically result
in expression of the target geae being inhibited by at least 10%, 33%, 50%, 90%, 95% or 9%

when compared to a cell not treated with the RNA molecules according to the present

iavention.

“SIRNA" ot “small-interfering ribonucleic acid” according 1o the invention has the
meanings known in the as, including the following aspects. The siRNA consists of two
strands of ribonucleotides which ybridize along a complementary region under physiological
conditions. The strands are separate but they may be joined by a molecutar linker in certain

The individual ides may i ly oecurring

ribonucleotides, unmodified naturally occurring deoxyribonucleotides o they may be
¢hemically modified or synthetic as described elsewhere hereia.

The SiRNA molecules in accordance with the present invention comprise a double-
stranded region which is substantiatly identical to a region of the mRNA of the target gene. A
region with 100% ideotity to the correspoading sequence of the target gene is suitable. This
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state is referred to as “fully complementary”. However, the region may also contain one, two
or three mismatches as compared to the corresponding region of the target gene, depending on
the length of the region of the MRNA that s targeted, 2nd as such may be not fully
complementary. In an embodimeat, the RNA molecules of the preseat iavention specifically
target one given gene. ln order 1o only target the desired mRNA, the SIRNA reagent may have.
100% homology to the target mRNA and at least 2 mismatched oucteotides to all other genes
presentin the cell or orgaoism. Methods to snalyze and identify SiRNAs with sufficient

sequence ideatity in order to effectively inhibit cxpression of 2 specific target sequence are
known in the art. Sequeace identity may be optimized by sequence camparison and
atignment algorithms known in the art (see Gribskov and Devereux, Sequence Analysis
Primer, Stockton Press, 1991, and references cited thereia) and calculating the percent
difference betweea the nucleotide sequences by, for example, the Smith-Waterman algorithm
asi in the BESTFIT soft

of Wisconsin Genetic Computing Group).

defoult parameters (e.g., University

Another factor affecting the efficieacy of the RNAi reagent is the target region of the
target gene. The region of  target gene effective for inhibition by the RNAi reagent may be
determined by experimentation. A suitable mRNA target region would be tbe coding region.
Also suitable are untranslated regions, such as the 5"-UTR, the 3'-UTR, and splice junctions.
For instance, transfection assays as described in Elbashir SM. etal, 2001 EMBO J., 20, 6877-
6888 may be performed for this purpose. A number of other suitable assays and methods exist
in the ant which are well known to the skilled person.

The length of the region of the SiRNA complementary to the target, in accordance with
the present invention, may befrom 10 to 100 nucleotides, 12 to 25 aucleotides, 14 10 22
oucleotides or 15, 16, 17 or 18 oucleotides. Where there are mismatches to the comespoading
target region, the length of the complementary region is generally required to be somewbat

longer.

Because the siRNA may carry overhanging ends (which may or may pot be
complemeatary to the targer), or additional nucleotides complementary to itself but not the.
target gene, the total length of each separate strand of IRNA may be 10 to 100 nucleotides,
15 to 49 nucleotides, 17 to 30 aucteotides or 19 10 25 nucleatides.

The phrase “cach strand is 49 nucleotides of less™ meaas the fotal oumber of
consecutive nucleotides i the strand, including all modified or uamodified nucleotides, but

8
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not including any chemical moicties which may be added to the 3" or 5° end of the strand.
Shon chemicat moieties inserted into the strand are not couated, but a chemical linker

designed to join rwo separate strands is not considered to create consecutive nucleatides.

The phrase 2 1 to 6 nucleotide overhang o at least one of the §° end or 3" end”
refers to the architecture of the complementary SIRNA that forms from two separate strands
wader physiological conditions. If the terminal nucleotides are part of the double-stranded
segion of the SIRNA, the siRNA is considered blunt ended. If one or more pucleotides are
unpaired on an end, an overhang is created. The overhang length is measured by the number
of overhanging nucleotides. The overhanging nucleotides can be cither oa the $* end or 3°
end of either strand.

The SiRNA according to the present iaveation confer a bigh in vivo stability suitable
for oral delivery by including at least one modified nucteotide in at least one of the strands.
Thus the sIRNA according to the present inveation contains at feast ooe modified or non-
natural ribonucleotide. A lengthy description of many known chemical modifications are set
out io published PCT patent application WO 200370918 and will not be repeated here.
Suitable modifications for oral delivery are more specifically set out in the Examples and

description berein. Suitable ifications inctude, but are not limited ifications 10 the

sugar moiety (i.c. the 2" position of the sugar moiety, such as for instance 20-(2-
methoxyethyl) or 2-MOE) (Martin ct al., Helv. Chim. Acta, 1995, 78, 486-504) i.c., an
alkoxyalkoxy group) or the basc moiety (ie. 2 non-natural or modified base which maintains

ability to paic with specific basc in an ide chain). Other

modifications include so-called *backbone’ modifications including, but not limited 1o,

replacing the group ing adjacent ri ides with for instance
chiral i ki Finally, end

modifications sometimes referred to berein s 3" ¢aps or S caps may be of significance. As
iflustrated in Table 1, caps may consist of simply adding additional nucleotides, such as “T-T"
which has been found to confer stability on an SIRNA. Caps may consist of more complex
chemistries which are known to those skitled in the art.

in an embodiment used in the Examples below, the 3' cap is a chemical moiety
conjugated to the 3° end via the 3* carbon and is selected from among compounds of Formuta
I
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R,
|
¥ ook
x [Formula ]
wherein
XisQorS

Ry and R; are independently OH, NHy, SH, alkyl, aryl. alkyl-aryl, aryl-alkyl, where alkyl.
aryl, alkyl-aryl, arylalkyl can be substituted by additionat heteroatoms and fusctional groups,
preferably a heteroatom selected from the group of N, O, or S or a functional group selected

from the group OH, NH,, SH, carboxylic acid or est

or Ry and Ry may be of formula Y-Z where ¥ is O, N, § and Z is H, aliyl, aryl, alkyl-aryl,
aryl-alkyl, where alkyl, aryl, alkyl-aryl, aryl-alkyl ca be substituted by additionsl
heteroatoms, preferably a heteroatom selected from he group of N, O, or S.

Examples of modifications on the sugar moiety include 2" alkoxyribonucleotide, 2"
i tocked aucleic acid i ide (LNA), 2"-fluoro

ciboaucleotide, morpholina nucleotide.

“The intemucleoside linkage may also be modified. Examples of intermucleoside
linkage include i ithic i and amide linkages.

R, may be OH.

Ry and R; together may comprise from 1 to 24 C-atoms, from ] to 12 C-atoms, from 2
£ 10 C-atorns, from 1 10 8 or from 2 to 6 C-atoms. In another embodiment, R, and Ry are
independeatly OH, lower alkyl, lower aryl, lower atkyl-aryl, fower aryl-alkyl, where lower
alkyl, lower aryl, lower alkyl-aryl, lower aryl-alkyl can be substiruted by additional
heteroatoms and functional groups as defined above. [n another embodiment, R, 2nd R; are
not both OH.

The term “lower™ in connection with organic sadicals or compounds means &
compound or radical which may be branched or unbranched with up to and including 7 carbon

10
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atoms, preferably i-4 carbon atoms. Lower alkyl represents, for cxample, methyl, ethyl, n-
propyl, isopropyl, a-butyl, scc-butyl, tent-butyl, n-penty} and branched pentyl, n-hexyl and
braoched hexyl

Examples of alkoxys inchude O-Met, O-Eth, O-prop, O-but, O-pent, O-hex.

Methods for the synthesis of siRNA, including siRNA containing at least one modified
or noo-natural ribonucleotides are well known and readily available to those of skill in the art.
For example, a varicty of synthetic chemistries are set out in published PCT pateat
applications WO2005021749 and WO200370918, both incorporated herein by reference. The
seaction may be carried out in solution or, preferably, on solid phase or by using potymer
supported reageats, followed by combinig the syathesized RNA strands under conditions,
wherein 2 SiRNA molecule is formed, which is capable of mediating RNAI.

The prescat iovention provides 2n SiRNA containing at ieast oae modified oucleotide
which is suitable for oral delivery. n functional terras this means SiRNA witl have suitable
nd biodistribution upen oral administration to achieve delivery to the

target tissue of concern. In particular this requires scrum stability, lack of immunc response,
and drug like bebaviour.. Many of these features of SiRNA can be anticipated based on the
standard gastric acid assays and standard serum assays disclosed elsewhere herein.

In another aspect, the prescnt invention provides methods for the iahibition of a target
gone comprising introducing into a cefl and SIRNA according to the prescat inveation, which
i capable of inhibiting a least one target genc by RNAI. Also, more than one species of

SIRNA, which are cach specific for another target region, may be introduced into a cell at the

. same time or sequentially.

The present invention is not limited to sny type of target gene or oucleotide sequence.
For example, the target geae can be a cellular gene, an endogenous geoe, a pathogen~
associated geae, a viral gene or an oncogene. Angiogenic gencs are of particular importance
to the invention because some of the Examples highlight that the orally delivered siRNA of
the inveation may sites of i ization or angi i
An updated listing of angiogenic genes at these sites of panticular interest for the invention are

listed in AngioDB: datsbase of angiogenesis and angiogenesis-related molecules Tze-Kwon

n
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Sohn, Eun-Joung Moon1, Seok-Ki Leel, Hwan-Gue Cho2 20d Kyu-Won Kim3, Nucleic
Acids Research, 2002, Vol. 30, No. | 369-371 and online at hetp/angiodb.snu.ac.ka/. Genes
of particular significance have becn analyzed in detail and are set out elsewhere herein.

In anotber aspect, the inveation also provides a kit comprising reagents for iohibiting.
expression of  target gene in 2 cell, wherein said kit comprises dsRNA according o the
preseat invention. The kit comprises at least one of the reagents pecessary 10 canry out the in

vitro of i vivo introduction of the dsRNA according to the present invention to test samples

or subjects. In a preferred i uch kits al: deiling the
procedures by which the kit components are 1 be used.

“Treatment of an angiogenic disorder” as used in this disclosure means use of a

modified siRNA of the invention in a tion for f
discasos involving the physi and ical p

is and/or angi is. As such, i itions are useful
for treating diseases, conditions and di: ire inhibition of

vasculogenesis or angiogeaesis, including but ot limited to cancer tumour growth and

metastasis, neoplasm, ocular ization (including macutar jon, diaberic
retinopathy, ischemic retinopathy, retinopathy of prematurity, choroidal ncovascularization),
rheumatoid anthritis, osteoarthritis, chroic asthma, spectic shock, inflammatory discases,

synovitis, bonc and cartilage destruction, pannus growth, osteophyte formation, osteomyels

psoriasis, abesity, ioma, Kaposi's sarcoma, is (includi
plague rupture), endometriosis, warts, excess hair growth, scar keloids, allergic oedema,
dysfunctional uterine bleeding, follicular cysts, ovarian hyperstimulation, eadometriosis,

ostoomyelits, inflammatory aod infectious processes (bepatitis, pocumonia,
glumerulonephtritis), asthma, nasal polyps, ion, tiver i
thyroiditis, thyroid iferative disorders,

vascular malformations, and pre-eclampsia.

As used herein, “reatmeot™ means an action taken to inhibit or reduce a process of a
discase, disordr or condition, to ishibit or reduce a symptom of a discase, disorder or
condition, or o prophylactically prevent the ouset or further development of a discase,
disorder or condition. “Treat” is the cogaitive vecb thereof.

Aun effective dose of the therapeutic agent of the invention is that dose required to treat
a discase state. The effective dose depends on the fype of discase, the composition used, the

12

WO 2007/128477 PCT/EP2007/003867

route of administration, the type of mammal being the physical istics of the
specific mammal under consideration, concurrent medication, and other factors that those
skilled in the medical arts will recogaize. Generally, an amount betweea 0.1 mg/kg and 100
mp/kg body weighUday of SIRNA is administered dependent upon potency. The nucleic acid
tecules of the invention and i can inistered ocally, topically,

patenterally, by inhalation or spray, ot rectally in dosage usit formulations containing

conventional non-toxic pharmacentically scceptable carriers, adjuvaats andlor vebicles. The

term pareateral s used berein includ far (c.8..
intravenous), intramuscular, intraperitoneal, ot intratbecal injection, or infusion techaiques
and the like. In addition, there is provided a pharmaceutical formulation comprising a nucleic
acid molecule of the invention and a pharmaceutically acceptable carrier. One or more nucleic
acid molecules of the inveation can be present in association with onc or mofe non-toxic
pharmaceutically acceptable carriers and/or dilueots and/or adjuvants, and if desired other
active ingredicats. The i it saining oucleic acid molecules of the

invention can be in a form suitable for oral use, for example, as tablets, troches, lozenges,

aqueous ot oily suspensions, dispersible powders or granules, emulsion, hard or soft capsules,
o syrups or elixirs.
Compositions intended for oral use can be prepared according to any method known to

the art for the f itions and such
contain one or more such swecicaing ageats, flavoring agents, coloring ageats or preservative

agents in arder to provide phanmaceutically elegant and palatable preparations. Tablets
contaia the active ingredient in admixture with non-toxic pharmaceutically acocptable

for the of tablets. These excipicnts can be, for
example, inent diluents; such as calcium carbonate, sodium casbonate, lactose, calcium
phosphate or sodium phospbate: granulating and disintegrating agents, for example, com
binding ageats, for example starch, gelatin or acacia; and lubricatiog

starch, or alginic a

agents, for example magnesium stearate, stearic acid o talc. The tablets can be uocoated or

they can be coated by known techniques. ioas for oral use can also be p as
bard gelatin capsules wherein the active ingredient is mixed with aa inet solid diluent, for
example, calcium casbonate, calcium phosphate or kaolin, or as soft getatin capsules whercin
the active ingredient is mixed with water or an oil medium, for example peanut o, tiquid
paraffin or olive oil. Aqueous suspensions contzin the active materials in s mixture with

excipicats suitable for the manufacture of aqueous suspensions.
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Onal inis ion of iti f the i ioclude all standard
techniques for administering substances directly to the stomach o gut, most importantly by
patient controlled swallowing of the dosage form, but also by other mechanical aod assisted

means of such delivery.

Dosage levels of the order of rom sbout 0.1 mg to about 140 mg per kilogram of body

weight per day are useful io the f the above- indicated conditi 05mgto
about 7 g per subject per day). The amount of active ingredient that can be combined with the
carrier materials to produce  singlc dosage form varies dependiag upon th host treated and
the particular mode of administration. Dosage unit forms gencrally contain berween from
about 1 mg o about 50 mg of an active ingredient. 1t is understood that the specific dose
tevel fos any particular subject depends upon a varicty of factors including the activity of the
specific compound eraployed, the age, body weight, general health, sex, diet, time of
sdministration, route of administration, and rate of excretion, drug combiunation and the

severity of the partieular disease undergoing therapy.

Therapeutic effect of the therapeutic ageats of the invention may be cahanced by
combination with other ageats. Typically such other agents will inchude ageats knowa for use
in eating similar discases, such as angiogenic disorders. Alteruatively, such agents may be
used o reduce side-effects or uawanted effects caused by the therapeutic agents of the

invention.

The siRNA of the inveation also bave imporiant research uses. One such stdy
includes rescarch into an angiogenic process i virro. By “angiogenic process in vitro™ is
meaat any process for studying angiogenesis or vasculogenesis which docs ot employ a
whole animal. As such, in vifro ot ex vivo methods and assays which study the steps of the

angiogenic process using markers or indicators of angiogenesis are included hereby.

jucler uences

The siRNA sirand sequences ideatified in Table 1 have becn identified as suitable SIRNA
sequences against the following targets: VEGFR-1 (GenBaak Accession # AFQ6365);
VEGFR-2 (GenBank Accession # AF063658); VEGFR-3 (GenBank Accession #
(NM_002020); Tie2 (TEK) (GenBank Accession # NM_000459); bFGFR (GenBank
Accession # M60485); ILSRA (GenBank Accession # L19591); IL8RB (GenBank Accession

WO 2007128477

H L19593); Fas (GenBank Accession # X89101); IGF2R (GenBank Accession #

'NM_000876).

Table I: siRNAs agsinst buman VEGFR-1, VEGFR-2, VEGFR-3, Tie2, bFGFR,

PCT/EP2007/003867

ILSRA, ILSRB, Fas, IGF2R
) SE@
3 ) )
Targat
Name 3iRNA guide sequence NO SIRNA NO.
VEGFR-
1 1731 1 T | as1
VEGFR-
1021 UGCTE 2 1 | as2
VEGFR-
1 1200 | UL 3 a7 | 453
VEGFR-
2904 | UuAl 4 T | 45¢
VEGFR:
1 1363 3 a7 | 455
VEGFR-
1 1158 ] 7| ase
VEGFR-
1 1091 | UUAACCAUAC) 7 TT | 457
VEGFR-
REl 471 8 \TT | 458
VEGFR-
1 2751 39 | as9
VEGFR-
636 cea | 10 aT_| s60
VEGFR-
1254 1 T | 461
VEGFR:
2375 2 462
VEGFR-
1 3536 \all IR E) v | 483
VEGFR-
1 2071 L L) TT | 464
VEGFR-
177 15 S
VEGFR.
1 484 | UL 16 aT_| 466
VEGFR-
2268 7 TT | 467
VEGFR.
1 525 18 \edl P70
VEGFR-
1 789 19 aT_| 469
VEGFR-
246 o158 2 \TT_| 470
VEGFR-
1 132 2 AT | 471
VEGFR-
1 3813 2 77 | 472
VEGFR-
1 3925 23 TT | 473
15
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VEGFR-

1814 | o2 AGCATT | 474
VEGFR-
1 615 2 AGUCAATY | 475
VEGFR-
1 3300 % IT | 476
VEGFR-

2845 2 vT | 477
VEGFR-
1 2602 CcT | 28 a1 | 478
VEGFR-

564 2 1] a79
VEGFR-
1 184 30 T | 480
VEGFR-

1090 jcceeeea | 3 a1 | 481
VEGFR-
1 260 32 TT | 482
VEGFR-
1 3530 R JTT | 483
VEGFR-
1 1977 T el T | 484
VEGFR-
1 183 cuccavcer | 35 a1 | ass
VEGFR-
1 1092 3% TY | 488
VEGFR.
1 627 JGACUGTT 37 TT_| 287
VEGFR-

474 coe | 38 AUTY | 488
VEGFR-
1 761 39 T | 489
VEGFR-
1 2752 “© ARATT | 490
VEGFR-

3516 a1 a7 | a9
VEGFR-

1790 ] uact ucuet | 42 a1 | 402
VEGFR-

1155 PE) o1 | 433
VEGFR.
1 1370 “ TT_| 494
VEGFR-
i 2227 s uGuUCAATT | 485
VEGFR-

81 7 | 8 or | ase
VEGFR-

1261 a7 T | 497
VEGFR-
1 1791 a8 gt | 408
VEGFR-

3805 L T | 499
VEGFR

2764 v | s v | so0
VEGFR-
2 617 | uaauacac 51 1 | sos
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VEGFR- sz
2 2686 1| s02
VEGFR- g
2 63 UGGGA v | 503
VEGFR- =
525 17 | 504
VEGFR- 5
217 JCCAAGUUCGUCYTT 505
VEGFR- %
2 395 ind aT_{ 506
VEGFR- 57
2 2410 7 | s07
VEGFR- E]
2 2007 a1 | s08
VEGFR- 58
2 1323 114 v ] s
VEGFR- &0
2 2082 TT_| s10
VEGFR- Gl
278 \adl BEIT]
VEGFR- 62
1832 ™ CCCAUA o | s12
VEGFR- 3
1817 T | 513
VEGFR- ]
688 a1 | 514
VEGFR- 65
2 210 71| sts
VEGFR- 66
2130 77 | 516
VEGFR- 2
799 71| siz
VEGFR- ]
T | 518
VEGFR- £
2 1843 L ar_| s19
VEGFR- 70
2 241 T UCC 71 | 520
VEGFR- n
2 2088 0T | 521
VEGFR- 77
2 a2 T v | 52
VEGFR- &
180 AG GGeuL 11 | 523
VEGFR- 7
2 1568 o )
VEGFR- s
2 E) T | 525
VEGFR- 7%
3769 1| 526
VEGFR- 77
3920 ar | sz
VEGFR- 7
2 1718 v | 528
VEGFR- 79
2018 529
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VEGFR-
2 32¢ 80 7 | 530
VEGFR-
2 1050 L} T | su
VEGFR-
2 E] L] 1| sa2
VEGFR.
2 283 71| 83 T | sas
VEGFR-

1303 Lad IT | 534
VEGFR-
2 1813 | uL 85 T | 535
VEGFR-
|2 2015 L T | 536
VEGFR-

3088 87 TT | 537
VEGFR-

625 8 auarT | 38
VEGFR-

800 8 TT_| s39
VEGFR-

811 T | %0 77| 540
VEGFR-

812 T | 9 IT_| 541
VEGFR-

3093 52 TT | 542
VEGFR-
2 801 2 7| 543
VEGFR-
2 2008 Lol TT_| 544
VEGFR-
2 2127 85 | act a1 | ses
VEGFR-
2 585 JTT 9% FT {546
VEGFR-

562 | AUA 9 71 | ser
VEGFR-
2 3908 cTr | 98 T | 548
VEGFR.

1316 59 Tr | 549
VEGFR- 7
2 o] T | 550
VEGFR-
M 453 | uwccucuUBACT 101 a1 | st
VEGFR-
3 102 1T | 552
VEGFR-
3 1689 103 \TT_| 553
VEGFR-
3 988 sl GAATT | 554
VEGFR-
3 4374 105 a1 | sss
VEGFR-
3 2142 106 o7 | sse
VEGFR-
3 1833 107 7 | ss7
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VEGFR- 108
3 3903 amGeceeTT 558
VEGFR- 09
3 a2n T o | 559
VEGFR- 110
3 107 ceecc 560
VEGFR- G
3 33 T | se1
VEGFR- Tz
3 2607 562
VEGFR- T3
3 556 v | 563
VEGFR- a
3 108 T | se4
VEGFR- (3
3 1951 1T | 65
VEGFR- 6
3 2100 it | ses
VEGFR- 7
3 93 Tv_| 67
VEGFR- i

2337 7T | 568
VEGFR- 318
3 2054 T | ses
VEGFR- i
3 860 ACAGATT | 570
VEGFR- T2
3 2436 cAGACAUC T | 57
VEGFR- 2
3 759 266 T | 572
VEGFR- i
3 288, seeeat 7T | 573
VEGFR- 24

1485 T| 574
VEGFR- %5
3 2502 T | 575
VEGFR. %
3 925 s76
VEGFR- 27
3 426 at | s77
VEGFR- 28
3 3189 v | 878
VEGFR- 28
3 2214 i1 | sr9
VEGFR- 36
3 2196 7T | seo0
VEGFR- [ED

2019 7T | se1
VEGFR- 32
3 360 AGL T | se2
VEGFR- =]
3 755 xr | sas
VEGFR- 3¢
3 3037 77 | sea

19
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VEGFR-
3 1018 {4 18 7 | ses
VEGFR-
3 1684 138 \TY | 596
VEGFR-
3 4373 37 T | 587
VEGFR-
987 138 7| ses
VEGFR-
2267 GGG | 139 1 | see
VEGFR.
3 4387 140 Ladl )
VEGFR.
3883 AL} TT | 591
VEGFR-
3 4376 | vavuace 142 T | se2
VEGFR:
3 2140 hLi) TT | 593
VEGFR-
3 978 kil UTT | 594
VEGFR.
E) 2427 145 \TT_| 595
VEGFR-
1103 146 T | 59
VEGFR-
3 319 147 1| ser
VEGFR-
3 1843 18 T | 598
VEGFR-
37 149 T | se9
VEGFR-
3 00 G | 150 17 | 800
T2
(Ex) | 1223 Rid) TT | 601
Tiez
qex) {2350 152 1 | soz
Tie2
oEK) | 708 T | 183 7 | son
2
QEK) | 3561 154 Y| 604
Tez
qEK) | 2763 155 7| 605
Tie2
ey | 174 156 a1 | 606
Ve
sl EITES 7| 157 7 | so7
=3
(ex) ! sos 158 7 | 608
T2
(0Ex) | 260 159 77 | 509
Tie2
(eK) | 2277 | uacceauc 160 1 | 610
Tie-z
(e | 1366 161 7T | sit
Tie-2
(EK) 3 162 7T | 612
2
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Te-2 163
(EK) | 4085 T 71| 613
Tie-2 164
(EK) | 3883 | YUCL T T | 614
To2z 3
e | s a1 | 615
Tz 56
ey |40z 1| 816
Toz 7
qexy | 200 7| e
Tio2 &
(EK) | 4223 1| 18
Tie-2 65
ey | 3961 T 1| 619
2 70
ex) | AUUCAATT | 620
Tie2 7
(TEK) 13909 TT_| 621
7z
(TeK) | 3606 1| 622
Tie-2 3
qex) | am 1nd v | 623
Tie-2 e
| e |32 T | 626
Te2 75
qery_ | 2130 v | 625
To-2 176
aex) | 1800 v _{ 626
Tie2
(TEK) | 3385 hLLd 77 | 627
To2
aex) | 1692 178 ot | 628
Tie-2
(EX) | 1657 TT_| 179 529
T2
ex) | 3665 | uucy T | 1m0 AGAATT | 630
Tio-2
EK) | 200 181 71 | 63t
Te2
(TEK) {2827 182 T | 632
Tie-2
ey 1979 |0 183 ceAATT | 633
Tie2
(TEK) 87 184 | couut TT_| 634
Tio2
3459 185 | AGGGCUAC 71 | e3s
Tie2
qex) |26 186 T | 636
u
(EK) | 3560 187 T | 637
2
aex) | ns 11| 188 | Cout T | 638
T2
ex) f1zes 189 a1 | ssg
Tiez
{EK) {2351 120 7T | 640
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Tie-2
aek) | 205 191 861
Tie-2
(TEX) | 3957 192 T | 642
T2
(EK) | 3962 193 T | 643
Tie2
EK) | 2352 194 TT_| 644
Te2
| qek) {3983 scaceee | 198 T | s
T2
aEx) |t 196 T | 616
T2
(TEK) 13388 197 TT | 647
Tie2
aex) | e 138 Pl )
Tiez
(TEK) 1) 199 | cauccunauct v | eee
T2
(EK) | 707 200 7T | 650
DFGFR | 3814 201 T | 651
bEGFR | 1478 CCACGUTG | 202 | ACGUGGAGUUCAUGUGUAATT | 652
BFGFR_[ 3773 AUCAACTT _| 203 | GUUGAUAAAUCUGAGUAUATT | 653
BFGFR | 715 204 T | 654
bFGFR | 575 JCGCUCGG | 205 TT { 655
LFGFR | 845 TG CCAACCUCUAACUGCAGAATT | 656
BEGFR_| 3625 JAAUAAGCCACTG | 207 | GUGGCUUAUUAAUUCCGAUTT | 651
bFGFR_| 2318 208 nary
brGFR | 1439 CUGCT | 208 v | bss
bFGFR_} 3860 210 1| 660
bEGFR_| 3163 | USAGGGUUACAGCUGACGGTG | 21! | CCGUCAGCUGUAACCCUCATY | 661
bFGFR | 2600 | UCGAUGUGGUGAAUGUCCCGT | 212 | GGGACAUUCACCACAUCGATT | 662
oFGFR | 2513 21 7| 663
FGFR | 2214 crv | 210 v | ees
DFGFR {1346 215 v | 65
bFGFR | 1556 216 71 | 6s6
bFGFR | 2671 217 T | 667
bFGFR_| 3105 218 TT | 668
n
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bFGFR | 2091 219 av | een
LFGFR {1590 JcuL k20 T { 670
BFGFR | 1689 = 1| 671
bFGFR | 1319 z T | 672
DFGFR_| 2342 2 T | 673
bFGFR | 107 | UCUCGBUCCCGACCGGACGTG | 224 | CGUCCGGUCGGGACCGAGATT | 674 |
bFGFR_| 3662 | UCUGGUACCAGGCAUUUGGTC | 225 | CCAAAUGCCUGGUACCAGATT | 675 |
bFGFR | 2150 v | 228 | A a7 | 676
bFGFR {1517 221 a1 | 677
bFGFR | 1264 A 228 T | 678
BFGFR | 3576 = T | 679
bFGFR_| 613 230 JTT | 680
bFGFR_| 1221 Jouses | 2 -
BFGFR_| 3004 | UAGAGCUCCGGGUGUCGGGAA | 232 | CCCGACACCCGGAGCUCUATT | 682 |
bEGFR | 3625 | UUACCGAUGGGUAAAUCUCTG | 233 | GAGAUUUACCCAUCGGUAATT | 663 |
bFGFR | 3813 | 24 T | 684
bFGFR | 3861 235 T | 685
BFGFR | 576 | UUUCAAACUGACCCUCGCUCG | 236 | AGCGAGGGUCAGUUUGAAATT | 686 |
BFGFR | 3777 | AUACUCAGAUUUAUCAAGUTT _| 237 | AGUUGAUAAAUCUGAGUAUTT | 687
DFGFR | 3824 28 T § 688
DFGFR | 2019 | AUACAAGGGACCAUCCUGCGT | 239 | GCAGGAUGGUCCCUUGUAUTY | 689 |
SFGFR | 3771 | UACUCAGAUUUAUCAACUUTG | 240 | AAGUUGAUAAAUCUGAGUATT | 630
bEGFR [ 2511 241 T | 691
bEGFR {2333 | UACUCCACGAUGACAUACAAG | 242 | UGUAUGUCAUCGUGGAGUATT | 892 |
bFGFR | 3624 | UCGGAAUUAAUAAGCCACUGG | 243 | AGUGGCUUAUUAAUUCCGATT | 693 |
bFGFR | 1304 | ACAGAGUCCAUUAUGAUGCTC | 244 | GCAUCAUAAUGGACUCUGUIT | 694 |
bFGFR_] 1608 | LWGUCGG UCC | 245 | AGUUAAUACCACCGACAAATT | 695
bFGFR {1301 JUAUGAUGCUCCAG | 246 | GGAGCAUCAUAAUGGACUCTT | 696 |
bFGFR | 3626 UUAAUAAGCCACT _| 247 | UGGCUUAUUAAUUCCGAUATT | 697 |
bFGFR | 2672 248 TT | 698
bFGFR | 2213 1c | 299 Nl 1)

2
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bFGFR_| 2597 | AUGUGGUGAUGUCCCBUGEG | 250 | cac CACCACAUTY | 700
WARA _| 1971 ULUAUUAGGAACAUCUGCCTG | 257 | GGC) UAAUAAATT | 701

252
ILBRA 75 | UUGAUCUAACUGAAGCACCEG GGUGCUUCAGUUAGAUCAATT | 702
WBRA_ | 645 | AUUGUUUGGAUGGUAAGC 753 | GGCUUACCAUCCAAACAAUTT | 703
ILBRA__| 1431 | UAMUUAGCCAGUUAGUGGGTT | 254 | CCCACUAACUGGCUAAUUATY | 704
75
ILORA__{ 1378 | UUCGUUUCCAUGGAGGUGCAA GCACCUCCAUGGAAACGAATT | 705
(LBRA__| 1470 | UCAUCUAAUGUCAGAUUCGGG | 756 | CGAAUCUGACAUUAGAUGATT_| 706
ILBRA | 218 | UACUUGUUGAGUGUCUCAGTT | 257 | CUGAGACACUCAACAAGUATY | 707
758
1sRA | 1101 AAGAACUCCTT v | 708
758
werA | 677 | UUUCCCAGGACCUCAUAGCAA GCUAUGAGGUCCUGGGAATT | 703
ILBRA | 1178 | AAGAGAUAUUCCUUCAUCGAT | 260 | CGAUGAAGGAAUAUCUCUUTT | 710
%1
ILBRA | 1543 | UUGAGGAGAUGCUCCUGUGAG CACAGGAGCAUCUCCUCAATT | 711
ILBRA__| 1783 | UCUUGUGGCAUAGAUCUGGCT | 262 | CCAGAUCUAUGCCACAAGATT | 712
73
nera | 1249 ccas | 713
)
HERA | 1520 71| 714
765
nsrRa | 1068 ar | 1s
756
ORA | 1347 | UUGGAGGUACCUCAACAGCTC GCUGUUGAG ar | 716
ILBRA | 1208 | UCAGGGUGUUGGUUAUUCUTT | 267 | AGAAUAACCAACACCCUGATT | 717
werA | 137 [AUCU AUGTC | 268 | CAUGUCAAAUAUUACAGAUTT | 718
269
W8RA | 1662 | UGCUUGUCUCGUUCCACUUGS AGUGGAACGAGACAAGCATT | 719
ILBRA_| 1153 | UUCAGAGGUUGGAAGAGACAT | 270 | GUCUCUUCCAACCUCUGAATT | 720
WBRA | 640 an T | 721
n8RA _ | 1411 2n2 T | 722
WBRA 71 | UCUAACUGAAGCACCGGCCAG | 273 | GGCCGGUGCUUCAGUUAGATT | 723
ILBRA ] 1397 | UCAACGGGAAUGAUGGUGCTT | 274 | GCACCAUCAUUCCCGUUGATT | 724
n8RA | 6es 2cuGe | 275 x| 725
ILBRA 641 | UWUGGAUGGUAAGCCUGGCGE | 276 | GECAGGCUUACCAUCCAAATT | 726
iLBRA 76 | UUUGAUCUAACUGAAGCACCG | 277 | GUGCUUCAGUUAGAUCAAATT | 727
ILBRA_| 1398 | UUCAACGGGAAUGAUGGUGCT | 278 | CACCAUCAUUCCCGUUGAATT | 728
ILBRA__{ 1381 | UGCUUCGUUUCGAUGGAGGTG | 279 | CCUCCAUGGARACGAAGCATT | 729
ILBRA__{ 1769 | UCUGGCUUCCAAACCCUCUTT | 280 | AGAGGGUUUGGAAGCCAGATT | 730
WBRA | 1435 | AUGCUAAUUAGCCAGUUAGTG_| 281 | CUAACUGGCUAAUUAGCAUTT | 731
ILBRA [ 1175 | AGAUAUUCCUUCAUCGAUGGT | 282 | CAUCGAUGAAGGAAUAUCUTT | 732
ILBRA | 1970 | UUAUUAG 283 | AGGCAGAUGUUCCUAAUAATT | 733
IL8RA__| 1432 | CUAAUUAGCCAGUUAGUGGGT | 263 | CCACUAACUGGCUAAUVAGTT | 734
TLBRA 7 5 v ] 735
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nera | 646 266 c T | 736
nera | 639 287 T 737
wora | 1082 288 7T} 738
wera | 1770 | AUCUGGCUUCCAAACCCUCTT | 289 | GAGGGUUUGGAAGCCAGAUTY | 739
WBRA |81 | AAUGGUUUGAUCUAACUGAAG | 290 | UCAGUUAGAUCARACCAUUTT | 740
n8RA _| 1372 | UCCAUGGAGGUGCAMGGECG | 291 | GCCUUUGCACCUCCAUGGATT | 741
ILaRA__| 1388 | AUGAUGGUGCUUCGUUUCCAT | 232 | GGAAACGAAGCAGCAUCAUTT | 742
HORA | 643 2 TT_| 743
IBRA_ | 1784 294 TT_| 744

AGGGUCAACGAGAGCAUCCAG | 295 | GGAUGCUCUCGUUGACCCUTT | 745
AUAGGCGAUGAUCACAACATA | 29 | UGUUGUGAUCAUCGCCUAUTT | 745
AUACUUGUUGAGUGUCUCAGT | 257 | UGAGACACU a7
AAUGAUGGUGCUUCGUUUCCA | 298 SGAAGCACCAUCAUUTT | 748
CUUUAUUAGGAACAUCUGCCT | 299 | GCAGAUGUUCCUARUAAAGYT | 749
UAGGAGGUAACACGAUGACGY _|_ 300 | GUCAUCGUGUUACCUCCUATT | 750
UUAAGUGUCAAUUUAGUGGCA | 301 | CCACUAAAUUGACACUUAATT. | 751
UUUCUUGUGGGUCAAUUCCTA | 307 | GGAAUUGAC T | 752
UUGGGUCUUGUGAAUAAGCTG | 303 | GCUUAUUCACAAGACCCAATT | 753
UUCACUUCUUAGAACAUAGAG _| 304 | CUAUGUUCUAAGAAGUGAATT | 754
L8RS | 960 | UUGGAUGAGUAGACGGUCCTT | 305 | GGACCGUCUAGUGAUCCAATT | 755
1LBRS | 454 | AUUACUAAGAUCUUCACCUTT | 306 | AGGUGAAGAUCUUAGUAAUTT | 756
IL6RE | 2750 | UUGGUUUAAUCAGCCUUGGTG | 307 | CCAAGGCUGAUUAAACCAATT | 757
L8R8 _ | 2604 308 vy | 758
ILBRB__| 1026 | AUCCGUAACAGCAUCCGCCAG | 309 UGUUACGGAUTT | 759
ILBRB | 1384 | AUGUAUAGCUAGAAUCUUGAG | 310 GCUAUACAUTT | 760
wers | 1149 an 1] 781
L8R8 {2464 212 TT | 762
were | 877 | UYUGACCAAGUAGCGCUUCTG | 313 | GAAGCGCUACUUGGUCAAATT | 763
(L3RG _| 2324 | UUCGUUAGGUACAUAUCACAT | 314 { GUGAUAUGUACCUAACGAATT | 764
nsRe | 2360 v | a5 65
were | 265 | UUGGGUGGUAGUCAGAGCUGT | 318 | AGCUCUGACUACCACCCAATY | 766
ILBRB | 1642 | UUUCUAAACCAUGGAAGGGAA | 317 | CCOCUUGCAUGGUUUAGAAATT | 767
1L8RE | 2146 | UCAUGUGUUAAUUCUAUGUCT | 318 | ACAUAGAAUUAACACAUGATT | 768
W8R8 | 2627 | UUAAGUCACAUUGCGGUACAA | 319 | GUACCGCAAUGUGACUURATT | 769
ners | 1000 | usuauusuuccecausuccte | 320 | Goa TT_| 770
8RB | 315 | UGACCUGCUGUUAUUGGAGTG | 321 | CUCCAAUAACAGCAGGUCATT | 771
WBRB | 2774 | AMUAUAGGCAGGUGGUUCTA | 322 | GAACCACCUGCCUAUAUWUTT | 772
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18RB | 219 | ACCUUGACGAUGAMCUCTG | 323 | GAAGUUUCAUCGUCAAGGUTT | 773
1L8R8 | 7389 | UUUCAAGGUUCGUCCGUGUTG | 324 | ACACGGACGAACCUUGAAATT | 774
IL8RE__|_ 385 | UGAGGUAAACUUAAAUCCUGA | 325 | AGGAUUUAAGUUUACCUCATT | 775
werE | 1347 | UUCUGGCCAAUGAAGGCGUAG | 326 | ACGECUUCAULGGCCAGAATT | 776
IL6RB | 2649 | UUUAAGUGUCAAUUUAGUGGC | 327 | CACUAAAUUGACACUUAAATT | 777
1eRe | 1737 328 7 | 178
L8R8 485 Tr_| 328 Ty | 778
1LBRB 965 | UAACAUUGGAUGAGUAGACGG | 330 | GUCUACUCAUCCAAUGUUATT | 780
ILBRE | 1740 | UCUUAGAACAUAGAGUGCCAT | 331 | GGCACUCUAUGUUCUAAGATT | 781
ILBRE ] 2637 | UGGCAUUAAGUCACAUUGCGG | 332 | GCAAUGUGACUUAAUGCCATT | 782
18RO _| 2756 | UAGCCUUGGUUUAAUCAGCCT | 333 JAAACCAAGGCUATT | 783
iL6RE | 2183 | UUCUUGUGGGUCAAUUCCUAT | 334 | AGGAAUUGACCCACAAGAATT | 784
1LBRE__| 2605 | UAUCACUACUGUUUAUCUGCA | 335 | CAGAUAAACAGUAGUGAUATY | 785
IL8RE__| 2340 | UCAGGCUGAAGGAUACUUCGT | 336 | GAAGUAUCCUUCAGCCUGATY | 786
tLBRE__| 2143 | UGUGUUAAUUCUAUGUCUGAA | 337 | CAGACAUAGAAUUAACACATT | 787
N8R | 998 CAUGUCCUCAT_| 338 | GAGGACAUGGGCAACAAUATT | 788
ILGR8 | 2180 | UUGUGGGUCAAUUCCUAUAAG | 339 | UAUAGGAAUUGACCCACAATT_| 789
ILBRA | 2185 | AUUUCUUGUGGGUCAAUUCCT GAAUUGACCCACAAGAAAUTT | 750
#eRe | 307 | UGUUAUUGGAGUGGCCACEGA | 341 Yoo iici]
1L8RE | 2481 | UCUGUAAAUUUGUUCACUCTC | 342 a7 | 792
wera | 2617 ac | M3 a7 | 793
WBRE | 956 | AUGAGL CGUCUACUCAUTT | 794
8RB | 456 | UAMUUACUAAGAUCUUCACCT ‘GUGAAGAUCUUAGUAAUUATT | 795
I8RO | 226 | UGAAACAACCUUGACGAUGAA CAUCGUCAAGGUUGUUUCATT | 796
8RB | 1394 | UGAUCAAGCCAUGUAUAGCTA GCUAUACAUGGCUUGAUCATT | 797
ILBRE | 458 | UGUAAUUACUAAGAUCUUCAC GAAGAUCUUAGUAAUUACATT | 798
WLBRE_| 861 UGAAUUUGACCAAGUAGCGCT CGCUACUUGGUCAAAUUCATT | 799
1LBRB™ | 2327 | UACUUCGUUAGGUACAUAUCA AUAUGUACCUAACGAAGUATT | 800
Fas 109 yuccucas | 351 | GAGGAAGACUGUUACUACATT | 801
Fas 41 | UGGACGAUAAUCUAGCAACAG | 352 | GUUGCUAGAUUAUCGUCCATT | 802
Fas 761 | UAUGGCAGAAUUGGCCAUCAT _| 353 | GAUGGCCAAUUCUGCCAUATY | 803
Fas 182 | UUUCACCY GGCT | 354 | CCCUGUCCUCCAGGUGAAATT | 804
Fas 62 L Tr | 355 TY | 805
Fos. 17 | Acu 356 11 | 808
Fas M9 357 TT | 807
Fas 245 358 TT | 808
Fas 208 aGeuTY | 359 1T | 809
%
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Fas 145 | AUCAUGAUGCAGGCCUUCCAA | 360 | GGAAGGCCUGCAUCAUGAUTT | 810
Fas 123 | UUCUGAGUCUCAACUGUAGYA | 361 | CUACAGUUGAGACUCAGAATT | 811
Fas 34 | UAAUCUAGCAACAGACGUAAG. UCUGUUGCUAGAUUATT | 812
Fas, 113 | UCAACUG \GUCUTC | 383 | AGACUGUUACUACAGUUGATT | 813
Fas 115 Tr | 384 TT {814
Fas 28 | AGCAACAGACGUAAGAACCAG | 385 | GGuL IGUUGCUTT § 815 |
Fas 122 | UCUGAGUCUCAACUGUAGUAA | 356 | ACUA UCAGATT | 816
Fas 186 | UUCCUUUCACCUGGAGGACAG [ 367 | GUCCUCCAGGUGAAMGGAATT | 817
Fas 42 | UUGGACGAUAAUCUAGCAACA | 368 | UUGCUAGAUUAUCGUCCAATT | 818
Fas i1} 369 v | 819
Fas 144 3 T} 820
Fas 92 It T | 821
Fas 201 | GUGCAG 1 |3 1T | 822
Fas 128 | CCAAGUUCUGAGUCUCAACTG | 373 | GUUGAGACUCAGAACUUGGTT | 823
Fas 36 | GAUAAUCUAGCAACAGACGTA | 374 | CGUCUGUUGCUAGAUUAUCTT | 824
Fas 162 | UUAUGGCAGAAUUGGCCAUCA | 375 | AUGGCCAAUUCUGCCAUAATY | 825
376

Fas 127 | ¢ .
Fas 202 | UGUGCAGUCCCUAGCULLCCT | 377 | GARAGCUAGGGS T | 827
Fas 82 | UCCCUUGGAGUUGAUGUCAGT | 378 | UGACAUCAACUCCAAGGGATT | 628
Fas. 760 | AUGGCAGAAUUGGCCAUCATG | 379 | UGAUGGCCAAUUCUGCCAUTY | 629
Fas, 150 380 T | 830
Fas 63 | GUCACUUGGGCAUUAACACTT | 381 | GUGUUAAUGCCTCAAGUGACTY | 831
Fas 764 | GCUUAUGGCAGAAUUGGCCAT | 382 | GGCCAAUUCUGCCAUAAGCTT | 832
Fas a7 | coauaaucy CGT_| 383 | GUCUGUUGCUAGAUUAUCGTT | 833
Fas 116 | UCUCAACUGUAGUAACAGUCT | 384 | ACUGUUACUACAGUUGAGATT | 634
Fas 32 | AUCUAGCAACAGACGUAAGAA | 385 | CUUACGUCUGUUGCUAGAUTT | 835
Fos 64 | AGUCACUUGGGCAUUAACACT | 386 | UGUUAAUGCCCAAGUGACUTT | 836
Fas 167 | AGGGCUUAUGGCAGAAUUGGC | 387 | CAAUUCUGCCAUAAGCCCUTT | 837
Fas 120 | UGAGUCUGAACUGUAGUAACA | 388 | UUACUACAGUUGAGACUCATT | 836
Fas 7125 | AGUUCUGAGUCUCAACUGUAG | 389 | ACAGUUGAGACUCAGRACUTY | 839
Fas 43 [ UuUG JCUAGCAAC | 390 | UGCUAGAUUAUCGUCCAAATY

Fas ) 81 T | 84t
Fas 159 302 TT | 842
Fas 110 | CUGUAGUAACAGUCUUCCUCA | 393 | AGGAAGACUGUUACUACAGTT | 843
Fos 31 | UGUAG! GACGUAAGAAC | 394 | UCUUACGUCUGUUGCUAGATY | 844
Fas "ACGAUAAUCUAGCAACAGACG |_395 | UCUGUUGCUAGAUVAUCGUTY | 845
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Fas 118 | AGUCUCAACUGUAGUAACAGT | 396 | UGUUACUACAGUUGAGACUTY | 846 IGF2R | 5400 ) TT_| B8t
Fas 169 | ACAGGGCUUAUGGCAGAAUTG | 397 | AUUCUGCCAUAAGCCCUGUTT_| Ba7
Fas 33 | AAUCUAGCAACAGACGUAAGA | 398 | UUACGUCUGUUGCUAGAUUTT | 848 1GF2R | 6702 42 7T | 882
Fas 163 | CUUAUGGCAGAAUUGGCCATC | 399 | UGGCCAAUUCUGCCAUAAGTT | 548

i16Fzr_| sa7g | uucucuaacaccucaacucca | 433 | GAGUUGAGGUGUCAGAGAATT | 883 |
Fas 23 400 1] sso OAAGGAGCUCAGAUCAAACAG | 434 | GUUUGAUCUGAGCUCCUUATT | 834
4237 | uGaacauuca 435 | CGAUCUGACUGAAUGUUCATT |_BES
1GF2R _| 6340 | UUUGUCACCUAUGACACCCAG | 401 | GEGUGUCAUAGGUGACAAATT | 851 UAUAGUACGAGACUCCGUUGT | 436 | AACGGAGUCUCGUACUAUATT | 886
IGFZR_| 2936 | UUAUAGAGCAAGCCUGGUCTG | 402 | GACCAGGCUUGCUCUAUAATT | 852
IGF2R__| 1331 | UCUGAUUGUGGUAUCUUCCTG | 403 | GGAAGAUACCACAAUCAGATT | 853 IGF2R | 753 | AUGAAUAGAGAAGUGUCCGGA | 437 | CGGACACUUCUCUAUUCAUTT | 857
IGF2R__| 4491 | UAUUUICAGGACAAUUAUGCCA | 404 | GCAUAAUUGUCCUGAAAUATT | 854 (GF2R_| 8554 | AUAAGCACAGUAAAGGUGGTA | 438 | CCACCUUUACUGUGCUUAUTT | 838
IGF2R_| 2562 | UUAMAUGUAGUAUUUCCUCCAC | 405 | GGAGGAAAUACUACAUUAATT | 855
I1GF2R | 5462 438 889
16F2R | 1456 | UBUCCCAUCGUUACCUGCGGT | 406 | CGCAGGUAACGAUGGGAAATT | 856
IGF2R__| 2253 | UAGUUCAGUUGGAUCAUCCCA | 407 | GGAUGAUCCAACUGAACUATY | 857 16F2R _| 1460 | UUCCUUUCCEAUCGUUACETG | 440 | GGUAACGAUGGGAAGGAATT | 890
N IGF2R_| 5206 UCAGGGTT | 441 | CCCUGAUUUCUACAUCAAUTT | 691
IGF2R | 3670 408 77 | ss8
IGF2R | 2559 | AUGUAGUAUUUCCUCCACGTG | 442 | CGUGGAGGAAAUACUACAUTT | 692
IGF2R _| 2274 499 | GAGGCGGCACACCCUAUAATY | 859 iGF2R | 8605 | UUAAGGCUUCUUAUAGGUCGA | 443 | GACCUAUAAGAAGCCUUAATT | 893
1GFZR_| 1197 410 | CCUAUAUUUCAGAUGGARATT_| 860
1GF2R _| 4345 | AUUGAUGAGGUAGUGCUCCGG | 444 | GEAGCACUACCUCAUCAAUTT | 694
i6F2r | 897 | UUGCBCACCAGCUUCAGUCCG | 411 | GACUGAAGCUGGUGCGCAATT | 861 IGF2R_| 1187 | AMUAUAGGAUGAACCUCCGC | 445 | GGAGGUUCAUCCUAUAUUUTY | 895
IGF2R | 5205 | UUGAUGUAGAAAUCAGGGUTG | 412 | ACCCUGAUYUCUACAUCAATT | 862
1GF2R _| 1184 | UAUAGGAUGAACCUCCGCUCT | 446 | AGCGGAGGUUCAUCCUAUATY | 896
1GF2R ] 8904 | UUCUCAGCAAUAGAACACCAG | 413 | GGUGUUCUAUUGCUGAGAATY | 863 IGF2R | 7190 | UUGAGUAUUUGUAGGACACGT | 447 | GUGUCCUACARAUACUCAATT [ 897
1GF2R _| 8604 | UAAGGCUUCUUAUAGGUCGAA | 414 | CGACCUAUAAGAAGECUUATT IGF2R__| 7162 | UUGUAGGACACGUUGGAACTY | 348 | GUUCCAACGUGUCCUACAATT | 698
1GE2R | 3629 | UC/ 415 T} 865 IGF2R | 2941 449 TT | 899
IGF2R _| 4344 416 TT | 866 1GF2R_| 3693 450 T | 900
IGF2R 417 TT | 867
Chemicat Modification of RNA Strand Nucleo
IGF2R 418 aT | 868
IGF2R 419 TT | 889 The siRNA according to the invention may comprise at least one modified nucleotide
ioe2r_| 3708 | uaucusaceacacucasacet | 420 | cuuucacususcucacauart | 7o in at least one of the RNA strands. A range of potential modified nucleotides are disclosed
IGF2R | 6422 | UCUUUGUACAGGUCAAUUCTA | 421 | GAAUUGACCUGUACAAAGATT | 671 etsewhere berein, Usefol modifications and combinations of modi for use acconding

1o the inveation are shown in Table 2:

8422 | UCUUUGUACAGGUCAAUUCTA |
1GF2R | 1306 | UUUGACUUGAGAGGUAUCGCT | 422 | CGAURCCUCUCAAGUCAAATT | 672
1GF2R | 6129 | UUGUGUUUCUGGACGAAUUTG | 423 | AAUUCGUCCAGAAACACAATT | 673

IGF2R 5105 424 874
L Table 2: Chemical Modifications and Sequence Architecture
IGF2R | 4572 425 AATT | 675
¥ [Modification | Format
IGF2R | 5308 426 T | 876 Name
1 PS DNA o/h 'NNNNNNNNNNNNNNNNNNNsasn
IGF2R | 3153 | VUCUCAAUUCCGACUGGCCTT 427 | GGCCAGUCGGAAUUGAGAATT | 877 nsnsNNNNNNNNNNNNNNNNNNN.
IGF2R_| 9029 | UAUUACAGUAAAGUUGAUUGA | 428 | AAUCAACUUUACUGUAAUATT | 878 3 I Fellps
NsNsNsNsNsNsNsNsNsNsNsNsNsNsNsNsNsNsNsNsN
S il USRS 3 |RNAom NNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNN
1GF2R | 8364 430 | ceacst 7 | ss0
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T | Bluntended NNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNN

5 [Z-OMeom NNNNNNNNNNNNNNNNNNNIPN
NPNNNNNNNNNNNNNNNNNNNN

6 |zOMAF NNNNNNNNNNNNNNNNNNNNAE
NNPND

7 LNA(3-7 NNNNNNNNNNNNNNNNNNNsosn

in ds region) J

N = any unmodified RNA gucleotide

n = unmodified DNA nucleotide

N? = modified RNA puclcotide

s = identifies phosphorthioate internucleoside linkage
o/b = overbang

The following modifications added to the 3* position of the 3’-terminus of the SIRNA
strands , sometimes referred to as 3 *3" end cap® are also recognized as useful embodiments of
the invention and may be used with any of the SIRNA according to the invention:

e
§ om
g O

Triethytene glycol

w5

oxfs0 oida o0

Y e

Lithocholic acid

Cyclohexyl Phenyt Biphenyl Adamantane

Specific compounds with activity according to the inveation include the following, shows in
Table 3:

WO 2007128477 PCT/EP2007/003867
Table 3: Sequences and Chemistries of sIRNA used in Examples
= Wwand Soquence (N RNA V. DNA W Z-
moe RNA: 3: phosphorothioate) seaioNo
Sade v ED
PGR-SRNA UCG AAG UAC UCA GCG UAA
Garqr
Complement E
svana CUY ACG CUG AGU ACUUCE
Agva
uide sand )
PGLI MOE o CUL ACG CUG AGU ACU UCG Atst
SRNA
Srplement £
strand ot
Gide Shand 505
umces
7] £
srang cw A1 UCG A-€Y
g0 srand £
PGI3-C3-MOE- UCG ARG VAC UCA GCG UAa 9-C3
SRNA
Compioment £
strang sc3
ks swang %05
cacar.
Complemont 70
strand GGU CGA UL CAR ACC UCA
AdtaT
s sward a7
canas
Complement 57
sirand GGA AGA CAG GAA CAA AU
AdraT
Gorde swand £
SRNA contral ACG UGA CAC GUU CGG AGA
AdTaT
o 57
strang UI/C UCC GAA CGU GUC ACG.
oTar
gde wand 55
VEGFR2.C3- UG AGG UUU GAR AUC GAC &~
SRNAT =]
ompemet E3
swand GGU CGA UUU CAA ACCUCA A
=3
P Ed
VEGFR2C3- UAA UUU LY £CU GUCUUC C-
SANAZ <3
rgtear B
swana GGA AGA CAG GAA CAA AU A-
=1
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5 sword W
(C3-siRNA controt /ACG UGA CAC GUU CGG AGA A-
€3
‘complemnent 920
stond UG IGC GAA CGU GUG ACG U-
P
EEE) )
VEGFR2-C3 UUG AGG UUU GAA AUC GAc ¢~
MOE £RNA1 c3
complement 922
strand GGU CGA UUU CAA ACC UCa o=
=3
e swand =
vecFR2C3- UAA LU GUU CCU GUC Ulc o
OE SRNAZ o
oo £
Srand sea canAwacs
e wand ES
TI2-C3-MOE- UUC UUCUUY AU UM CAc 6C
SiRNAL
Sompterment EQ
swwa GGU GUU AU UAA AGA AGE 5=
cs
e g
Tie2.C3-MOE- UCU GAG UL GUA ARU AU 9.C3
a2
Sarmpiemnt D
strong ca
akda svard 3
CI-MOE-SiRNA ACG UGA CAC GUU CGG AGa a-
contrl c
Cod )
svang
Esamples:

The following Examples illustrate aspects of the inveation, and are oot inteaded to
fimit the embodiments included in the claims recited below. The resutts and discussion section
further below refers to experiments conducted sccording to the following protocols and
employing the following materials. Materials and protocols that ase not specifically described
are considered to be routinely avsilable to those skilled in the art.

Example 1
Prepararion of siRNAs.

i iRNA derivatives were synthesized by standard 2'-0-TOM pbospbosmidite
technology and purified by Oasis® HLB Extraction Plates (Waters). Sense- and antisense
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stranded SIRNA were mixed in hybridization buffer (100 mM potassiurm acetate, 2 mM
magnesium acctate, 30 mM Hepes, pH 7.6) heat-d: d a1 90° C for 3 mi a
37° C for 60 min. 100 :M stock solutions of SiRNA duplexes were stored at -20° C.

Example 2

Incubation in Serwm and analysis by IE-HPLC (LC-MS).

In a standard serum assay, 6 pL 20 uM of cach siRNA were mixed with 54 uL serum or CSF

and heated at 37° C in an iocubator. 50 uL of the cooled mixture was loaded on e analytical

DNA-pac PA-100 Columa (Dionex) and analyzed with a NaCl gradieat (0 ~ 0.6 M in 30 enia)
ina 1:10 Acctonitrile:Buffer (20 mM sodium acetate, | mM magacsiven acetate, pH 6.5)

solution.

For LC-MS analysis 100 gL (20 uM or 50 uM) each siRNA was mixed with 900 uL sterile
fetal bovine seam (GTBCO) incubated at 37° C and separated by HPLC as indicated
previously (except of the NaCl gradient: OM - 0.36M in 9’/ 0.36M - 0.6M in 12'). Degradation
products were desalted on NAP columns and analyzed by LC-EST-MS.

Example 3
Incubation in gastic acid

To prepare a standard gastric acid assay, FVB and CSTBL6 mice, weighing 18 1020 g (6 10 §
weeks old), were obtained from Charles River Laboratories (Les Oncins, France). Animals
were sacrificed using COs, aod then stomachs were quickly recovered. Gastric (luid as well as
stomach contents were collected and pooled, then loaded on centrifugal filter devices
(Ultrafree MC, Millipores). Filter units wese spun for 10 minutes according to manufacturer’s
recormmendations. The filtrate, correspanding to mouse gastric fuid, was recovered, aliquoted
and frozen prior further experimeats.

For each assay, 20 uM of SIRNA solutions were diluted in 9x volume of gastric acid as above:
described and incubated a1 37°C for 0, 5, 10, 15, 30, 60 and 120 min.

Exampled

Incubation in intestinal lavage

To prepare a standard intestinal lavage assay, Male Wistar rat were fasted, anesthetized with
isoflurase. Intestinal lavage was obtained by in situ perfusion of the small intestine
(duodenum, jejunum, iteum) with 10 mL saline (0.5 mU/min) followed by 20 mL water (1
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mi/min). Outtet collected was centrifuged (3000 x g, 15 min, 22°C), and supernatant passed
through a 1.2-pm filer and stored a1 -20°C.
For cach assay, 20 uM siRNA solutions were diluted in 9x volume of intestinal lavage and

incubated at 37°C for 0, 15, 30, 60, 180 and 360 min.

Example 5
Incubation in mouse liver microsomes

In a standard fiver microsome assay, to 10 1l of 2 250 uM solution of SIRNA were added 25
i of mouse liver microsomes (GEntest 452701 Charge 1) 2t 20 mg protein /ml, 365 ul of
100 mM phosphate bufler (pH 7.4), 50 1l of UDPGA cofactor (24 mM in water), SO ut of
NADPH. Incubation was quenched by freczing at t=0 min and t= 60 mio.

Exsmple 6
Incubation in rat $12 supernatant

For a standard rat S12 supernatant assay, 10 pf of a 250 M solution of SIRNA were added to
17l of rat liver 12 at 29.9 mg protein /ml, 373 l of 100 mM phosphate buffer (pH 7.4, 50
11k of UDPGA cofactor (24 mM in water), 50 2} of NADPH. Incubation was quenched by

froczing at t=0 min and = 60 min.

Example 7
Incubation in mouse serum

For a standasd incubation in mouse serum, 20 uM siRNA solutions were diluted in 9x volume
of murine serum (Harlan wude mouse) and incubated at 37°C for 0, 15, 30, 60, 180 and 360

min.

Example §
Gel elecirophoresis stability assay.

A 10 L aliquot of incubation solution was taken immediately afer shaking and shock-frozen
on dry ice, the mixtures were incubated at 37° C aod aliquots wese shock frozen at various
lime points. Aliquots were thawed in 30 uL (15 pL respectively) Loading Buffer (Elchrom
Sc., Cham, Swi and separated 00 . Sc., Cham,

120 V, 8° C for 240 min. Bands were stained with SYBR Gold (Molecular Probes) and
picture were taken with a BIORAD ChemiDoc™ XRS system.
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Example 9

Cell culture

The mouse immortalized endothelial cell line MS1 (ATCC CRL-2279) was grown in DMEM

high ghicase (4.5¢) supplemented with L-Glutamine and 10% heat-inactivated FCS

(AMIMED, Switzerland) on 1.5% Gelatine-coated culture dishes. MS1 cells were ransfected

in 24 well-format with siRNA usiog HiPerfect (QIAGEN) according to manufacturer
i final siRN. ion was 10aM or as indicated).

procedur

Example 10
FACS analysis

Non-transfected and SiRNA transfected MSI cells were analyzed by FACS for VEGFR2
levels. Briefly, cells were typsinized from duplicate or triplicate wells, pooled for cach
conditions, thea washed twice with PBS+10% FCS and incubated 10 minutes on ice prior
addition of RPE-conjugated anti-VEGFR2 Ab (1g/10° cells; Avas 121, BD Pharmingen).
RPE-Inbeled isotype IgG2a were used as FACS control (BD Pharmingen). FACS acquisition
and analysis were performed on a FACScalibur usiog Cell Quest Software (Becton-
Dickinson).

Example [T

Animal sudies

Female FVB mice (6 to 8 weeks old), were obtained from Charles River Laboratorics (Les
Oncins, France). Mice were identified via ear markings and kept in groups (6 animals per
cage) under normal conditions and observed daily. Six mice were used per treaiment group
and all animal experiments were performed in strict adherence to the Swiss law for animal

protection.

The reference chamber model has been described in publications {e.g. Wood J, Bold G,
‘Buchdunger E, et al, PTK787/ZK 222584, 3 novel and poteat inhibitor of vasculas codothetial
growth factor receptor tyrosive kinases, impairs vascular endothelial growth factor-induced
responses and tumor growth after oral administration. Cancer Res 2000;60:2178-89) 1n brief,
potous tissue chambers made of perfluoro-alkoxy-Teflan (Teflon®-PFA, 21 mm x 8 mm
diameter, 550 pl volume) were filled with 0.8% agar (BBL® Nr. 11849, Becton Dickinson,
Meylan, France) and 20U/ heparin, (Novo Nordisk AS, Bagsvaerd, Deamark)
supplemented with or without 3 1g/ral recombinant buman VEGF and siRNAs s indicated.
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Solutions were maiotained at 42 °C prior the filliog procedure. Mice were auesthetized using
3% Isoflurane (Forcoe®, Abbott AG, Cham, Switzertand) inhalation. For subcutancous
implantation, a smafl skin incision was made at the base of the tail to allow the insertion of an
implant trocar. The chamber was implanted under aseptic conditions through the small
incision onto the back of the animal. The skin incision was closed by wound clips {Autoclip 9
mm Clay Adams). Depending on the required dose, siRNAs were diluted in “injoctable
quality grade™ 0.9% saline solution then defivered to animals either ip. (200L /dose) oc p.o.
by gavage (100uL /dose). The mice were receiving the first dose 2 to 4 bours before
implanting chambers; then treated daily for 2 days. If uot otherwise indicated, mice were
sacrificed three days sfier implantation, chambers excised and the vascularized fibrous tissue
formed around each implant carefuliy removed. Body weight was used to mouitor the gencral
condition of the mice. Statistical analysis was done using one-way ANOVA followed by
Dunnen test.

Example 12
B16 melanoma xenograft model

The syngeneic BI6/BL6 muriae metanoma model, previously identificd to be responsive to
ic therapy (e.g. LaMontagne K, Littlewood-Evaos A, Schaell C, O'Reilly T,
Wyder L, Sanchez T, Probst B, Butler ), Wood A, Liau G, Billy E, Theuer A, Hia T, Wood 1.

Antagonism of sphingosine-1 phosphate receptors by FTY720 inhibits angiogenesis and
‘umor vascularization. Cancer Res. 2006 Jan 1:66(1):221-31), was used o evaluate the
‘antitumor sctivity of standard or modified siRNAs. Tumor celis (} kL, 5 x 10%L) were
injected intradermally into the dorsal pinna of both ears of syngeacic female CSTBL/6 mice.
Measurements of primary tumor arca (mm’) were camried out oo days 7, 14, and 21 after
tumor cell inoculation usi isted i is software (KS-400 3.0 imaging

system, Zeiss) anda specifically designed macro. From days 7 to 21, mice were receiving
SIRNAS diluted io” injectable quality grade™ 0.9% saline solution eitber i.p. (200pL /dose) o
p-o. by gavage (100pL /dose) once a day. Mi ificed o day 21, and

node metastases were weighed and then frozen.

Ta these results, actual sIRNA sequences and chemistries croployed may be determined
by refercnce to Table 3.

WO 2007/128477 PCT/EP2007/003867

Wild-type siRNAS are degraded in mouse serum fror both 3'-eads

oii i ion by nucleases is inantly 3"

Modification of antisense oligonucleotides at their termini by the introduction of aromatic o
lipopbilic residues delays their nucleolytic degradation'”. To verify whether this metabolic
pathway would also be dominant for SIRNA, we incubated at 37°C a uamodificd SIRNA
(wild-type SIRNA) in mouse serum for up to 3 bours.

The unmodified siRNA sequence cmployed was pGL3-siRNA (scc Table 3)

The mixtures were analyzed with Strong Anion Exchange HPLC at t=0 min., =30

min, £= 180 mia.

As shown in Figure 1a, 1b and 3c, at t= 30 min, a well defined peak comesponding to
blunt ended SIRNA was observed. By t=3b substantial degradation is obscrved. Figure 1d
and le illustrate the metabolites identified by HPLC-ESI-MS analysis. This analysis revealed
the presence of several metabolites correspondiag to the loss of the 3' overhangs and of the.
3'- terminal first base pairing ribonucleotide on both strands. Digestion of the S'-terminal
ribonuclcotide of the guide strand was atso observed.

Figure | suggests the degradation pathway of unmodified SiRNAS in scrum. DNA
ovechangs are first digested, possibly by 3'-exonucleases. In the LC-MS, sdditionsl
metabolites were also detected which correspond to the foss of the first base-pairing 3°-
tibonucleotide of both strands acd also the first 5'-base-pairing fibonucleotide of the guide
strand.

3"-modified SIRNASs are stable through the GI tract

SIRNAS with 2" i E o/h SIRNA), blunt.
endod SIRNAs 3"-capped with a bydroxypropoxy phosphodiester moicty (C3-5iRNA), and
hydroxypropoxy phosphodicster 3'-capped siRNAS where the two first base paring oucleotide
at 3'-¢nd of each strand were modified by 2"-methoxyethyl ribonucleotides residues (C3-

MOE siRNA) were synthesized. These ds illustrated i in Figure 2.
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First siRNAs were incubated in mouse gastric acid for 2h (Figure 3). No degradation
was observed in the cases of C3 SiRNA and C3-MOE sRNA, while degradation of wild-type
SIRNA was observed after 30 minutes.

Stability in intestioal fhid obtained from intestinal lavage of rats revealed almost
complets degradation of wild-type SiRNA after 15 minutes whereas pareat compound in the
MOE o/b iRNA, C3-5iRNA and C3-Moe iRNA were observed for 60 miutes. (Figure 4)

Stability in liver was evaluated usiog a liver microsome assay and a S12 assay
fliver cytosolic tic activity). Resuls are shown in Figure 5. In both
cases, oo degradation was observed after 60 minutes of incubation.

Finally, siRNAs were tested in mouse serum by incubation at 2 micromolar for up 106
hours at 37°C (results in Figure 6). Pareat compound stability was fotlowed by gel
electrophoresis. In the cases of modified SIRNAS (C3 SiRNA, C3-MOE siRNA of MOE o/h

SIRNA), no significant degradation was observed while the wild-type SIRNA

This study indicate that wild type (unmodified) siRNAS are metabolized in mouse
gastric acid and in mouse scrum. In case of 3'-ends modificd SIRNAS, 00 degradation was
observed in the Gl tract, Therefore it is likely that 3"-modified SiRNAs will bave a higher oral
bioavailability than wild-type siRNAs

Systemically delivered 3'-modified sIRNAs are more active in an in vivo growth factor
induced sagiogenesis model'’.

Firstly, the ability of modified SIRNAS (C3-5iRNA and CE-MOE siRNA) to down
regulate a target gene was checked in cellulo by measuring VEGFR2 surface tevel of MSI
EGFR2 SiRNAs.

cells transfected with anti

Pools of 2 antj VEGFR2 SiRINAS as wild-rype siRNAs, C3-siRNASs aod C3-MOE
SIRNAS were administered intraperitoneally. Results arc shown in Figure 7. Pooled Wild
i the VEGF induced ization at the higber dose of 25
micrograms per mice per day. The same level of inbibition was observed at a 5-fold fower
dose with C3-5iRNA. In the case of the C3-MOE siRNAS pool, significant reduction of

vascularized tissue weight was observed at all tested doses including the lowest 0.2

microgram per mouse per day.

WO 2007128477 PCT/EP2007/003867

Figure Ba and 8b show that, whea given inwraperitoneally, both VEGFR2 - C3 and
C3-MOE siRNAs were active at below | microgram per mouse per day dose.

In vivo testing of anti-VEGFR2 C3-MOE siRNA given intraperitoneally (i.p.) ina BI§
bomograft metanoma tumor mouse model. Figure 9a shows that i.p. treatment with modified
VEGFR2-C3-MOE-siRNA significantly reduces tumour development. Figure 9b also shows
njection of VEGFR2-C3-MOE-siRNA at 20 ug per mouse results in sigaificant

thatip.
inhibition of tumour growth.

Oral Delivery of siRNA for Treatment of Anglogenic Disorders

Figuee 10 shows that given orally, at a dose of 20 micrograms pes mouse per day, the
VEGFR2-C3-MOE-5iRNA reduced vascularization weight down 10 basal level (c.g. weight
without growth factor induction). Actual s;IRNA sequeaces used are referred to in Table 3.

Anti Tie2 C3-MOE siRNAs were also tested in the growth factor induced
angiogenesis model under both intraperitoneal and oral deliverics. Figure 11a and 1§b show
that given orally, both C3-MOE siRNAs directed at Tic2 were active at 20 microgram per
mouse per day. Actual siRNA sequences used may be determined by reference to Table 3.

The data shows that 3'-end modified siRNAs with or without additional intemal
modifications are able o demonstratc therapeutic effect at reasonable doses upon oral

administration.
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We Claim:

Short interfering ribonucteic acid (IRNA} for oral administration, said sIRNA
comprising two separate RNA strands that are complementary to each other over at
least 15 leotide herei b strand is 49 pucleotids less, and wherein at least

one of which strands contains at teast one chemical modification.
siRNA according to claim 1, comprising at leass one modified nucteotide.

SiRNA according to claim I or 2 wherein said SiRNA comprises at least one 3" ecnd

cap.
SIRNA according to claim 2 or 3, wherein said modified nucleotide is selected fom
among 2* i i il ide, a locked nucteic acid
i (LNA), 2"-luoro ri i ino nucteotide.

SIRNA according to any onc of claims 2-4 wherein said modified aucleotide is
selected from among nucleotides baving a modified i ide finkage selected
N . y 5
boranophosphonoate, and amide linkages.

SIRNA according to any ane of claims 1-5 wherein said two RNA strands are fulty
complementary to each other.

SIRNA according to claim 1-6 comprising a 1 to 6 aucleotidc overhang on at Jeast one
ofthe 5* end or 3" end.

SIRNA according 1o any one of claims 3-7 wherein said at least onc 3* cap, when
present, is 3 cbemical moiety conjugated to the 3° end via the 3" carbon and is selected
from amoag compounds of Formula I:

b
3 0—P-l
i
x [Formuta I}
wherein
XisOorS

R 2nd R; are independently OH, NHa, SH, alkyl, aryl, alkyl-aryl, aryl-aliyl, where
alkyl, aryl, aikyl-aryl, aryl-alkyl can be substituted by additional heteroatoms and

a1
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functional groups, prefersbly  heterostom selected from the group of N, O, or Sora
functional group selected from the group OH, NHy, SH, carboxylic acid or ester;

or Ry and R; may be of formuts Y-Z where ¥ is O, N, S and Z is H, aliyl, aryl, alkyl-
aryl, aryl-alkyl, where aikyl, aryl, alkyl-aryl, aryl-alkyl can be substituted by
additional beteroatoms, preferably a heteroatom selected from the group of N, O, o S.

SIRNA according to any onc of claims 1-8 wherein at least one stand is
complemeotary over at feast L5 nucleatides to the mRNA or pre-mRNA of VEGFR-1,
VEGFR-2, VEGER3. Tie2, bFGFR, IL8RA, ILSRB, Fas, or IGF2R.

SIRNA according 10 any one of ctaims 1.9 wherein at least one strand comprises a
sequence selected from SEQ ID NO 1 - 900.

SIRNA chosen from the group consisting of SEQ 1D NO 901-930.

SIRNA according to any one of claims | to 11 having stability in a staadard gastric
acid assay thatis greater than an uomodified SIRNA with the same nucleotide
sequenee.

SIRNA according to any onc of claims 1 to 11 having swbility ia a standard gastric
acid assay that is greater than or equal to 50% after 30 minutes exposure.

SIRNA according to any one of claims 1 to 1 having stability in a standard serum
assay is greater than uomodified SiRNA_

$iRNA according 1o any one of claims ¢ 1o 11 baving stability in a standard serum
assay is greater than or equal t0 50% after 30 minutes exposure.

SIRNA of claima I to 11 having stability in a standard intestinal lavage assay that is
greater than unmodified SIRNA.

SIRNA according 10 any one of claims | to 11 having an enhanced oral bioavailability
compared to an unmodified SIRNA of the same nucleotide sequence.

Pharmaceutical composition comprising an SIRNA accordiag to any onc of claims 1-

1.

SIRNA according to any one of claims 1 (0 17 for use as a medicament.

WO 2007/128477 PCT/EP2007/003867

Use of an SiIRNA according to any one of claims | 10 17 in the preparation of a

ic disord

for treating

ing to claim 20, wherein the gene targeted by the SIRNA is expressed on

Use aceo
endotheliat cells.

Use according to claim 21, wherein the gene targeted by the SIRNA is chosen from the
group consistiog of; VEGFR.1 (GenBank Accession # AF06365); VEGFR-2
(GenBank Accession # AF063658); VEGFR-3 (GenBank Accession #
(NM_002020); Tie2 (TEK) (GenBank Accession # NM_000459); bFGFR (GenBank
Accession # M60485); ILBRA (GeaBank Accession # L19591); ILSRB (GeaBank
Acccssion # L19593); Fas (GenBank Accession # X89101); IGF2R (GenBauk.
Accession # NM_000876).

Use of an siRNA according 10 any one of claims 1 to 22 to inhibit an angiogenic

process in vitro.
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Serum stability of siRNAs
with chemically capped 3’-terminal overhangs
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Experimental design

7 10 siRNAs with identical sequence (mF7-lll, 19-mer blunt, A12S17)

= 10 different non-nucleotidic 3’-terminal caps

= Tested in mouse and human sera at 4 time points

s Parent mF7-lll in A6S11 format and wt luc siRNAs as controls

5 ' ~NNNNNNNNNNNNNNNNNNN-X-3 '
3 ' -X-NNNNNNNNNNNNNNNNNNN-5 *

Al12s817

5 '-UUuAAUUGAAACcAAGACA-X~-3' antisense

3'-X-AaAAuuAAcuuuGGuucuGu-5"

A= 2’ -MOE A u =
C= 2’ -MOE . (5-Me)C c =
X =C3  epactED

21 Jan Wedler | 17-Junel-08] Business Uss Only

sense

2’ -OMe
2’ -OMe

¢

mF7-3

!y NOVARTIS

33332-US-CNT



8%0u00

33332-US-CNT

Structures non-nucleotidic overhangs
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Materials & Methods

= RNA samples were incubated in 100% mouse serum and human serum at 37°C,

withdrawn at 0, 5°, 6h and 24 h time points and snap-frozen. Oligos were
separated by precast hydrogels (Elchrom Scientific) and visualized with SYBR

gold (Biorad, Chemidoc XRS).

) NOVARTIS
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siRNAs

S1

144033 mFVIl 3'-caps

5| Jan Wedert 17-Junai-08) B
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UUu AAU UGA AAC cAA GAB 5 C3
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Enzymatic stability
REDACTED

Pascal Basselet, Jan Weiler

NBC/siRNA Therapeutics
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Conclusions

= in mouse serum all 3'-capped A12S517 siRNAs display high resistance up to
24h

REDACTED
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Profiling of 3‘-Ligand Set in F7 In Vivo Model

3‘-Conjugates of 19-bp blunt-ended siRNAs:

= 3‘-Conjugates increase nuclease resistance in vitro, may bind to serum proteins
= |n vitro potency of conjugates very similar
= Biochemical assay with recombinant Ago2 shows differential cleavage activities

C3

1| Business Use Only d) NOVARTIS



780000

In Vitro Potency of 3°-Conjugated siRNAs

mm_F7_1841 siRNA in reporter gene assay:

mFVIl 3'-cap-siRNAs ; 5 and 15 nM; pNAS-503 reporter; COS-1; 72h
£ 1200
c ;
s 100.0
Q
o
5 80.0
=2
< 60.0 5nM
g 15 nM
3 40.0
8
S 20.0
[~
a 0.0
>
N
¢ & KL
o & & &
\“Pg & & Q\'?’GJ
¥ & &
Antisense strand: UUu AAU UGA AAC cAA GA6 5X u,c =2-OMe-U and -C
Sense strand: uGu cuu GGu uuc AAu uA5 5X 5,6 = 2-MOE-A and -meC; X = cap

2 | Business Use Only
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ANEXD D

Tarahadron Vi, 49, No. 10, pp. 1925-1963, 1990 0040402093 3600020
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INTRODUCTION

The rapid growth of biotechnology has triggered an increasing demand for modified
ollgomdemldea dedicated mostly to diagnostic and therapeutic applications. The plethoric aumber of
such applications has spurred the of
derivatives for the of specific While the major contribution of the

i to the evolution of oli i has been addressed earfier,} the

1926 8. L. Beavcacgand R P. Ivex.

scope of the present Report encompasses the synthethic applications of 2 wide spectrum of
phosphoramidite derivatives allowing the incorporation of fivorescent, lipophilic, Intercalating, cross-
linking, alkylating und DNA cleaving enities into oligonucleotides. ~Such derivatizations have been
targeted to the /3 termini, 10 the internucteotidic phosphodiester linkages, of to the nucleobases
and will be discussed at length.

L FUNCTIONALIZATION OF OLIGONUCLEOTIDES AT THE -TERMINUS

L1 Phosphorylation.

The automated phosphorylation of the 5-OH function of oligonucleotides synthesized by the
sureent solid-phase methiods represents an attracive feature, as most biological applications require
oligonucleotides carrying a terminal S™-phosphate group. Engeis? and others>S have addressed the issue
by reporting the preparation of the phosphoramidites 13 (Table 1) for this specific application.

Table 1. for the of
at the 5'-Terminus
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The reaction of 2 with the $'-OH group of a protected deoxyribonucleotide, covalently bound to a
solid support, and 1H-tetrazole uﬂorded the phmphnmlﬂex 28 after aqueous iodine oxidation.
Following parti the ide 26 was treated with 18-
dlu_:blcydn[s Y O]undec -7-ene (DBU) 10 yield 27. The deprotected oligonucleotide was a substrate for
T4DNA Ugase and, hence, demonstatod the biotogical suuabﬂuy of chemically $phosphorylated

bas been employed in uu synthesis of 5™
phospl idylyl(3% 5') whu:h and ligated to &
!.mnnled amber mpmmr tRNA. The modxﬁed snpymm |RNA could then be used for the site-

mm. 48 were subsequenx.ly added 1o the hs( of potentially useful reagents for
the phmpboryllnon of oligonucleotides at the §'-termimus 37

ot ro- —{—o
1. Ph8™ -
2 WHoH
T3
R ]
28 methyl enylothyl 26 ar
DBU= 1,8-Glazabicyoiofs.4.81undec-T-ene e T, ™ A% or g

@. Siiloa support 8=T.CAxG

The phosphoramidite 9 has been particularly applied to the 5phosphoryiation of mucleosides®
For example, 3'-azido-3'deoxythymidine (AZT) was converted into lts S-di-(femr-butyl)phosphate
triester upon reaction with 9 and LH-tetrazole followed by oxidation with m-chloroperbenzoic acid
(MCPBA). The tertiary alkyl phosphate protecting groups were cleaved with trifluaroacetic acid to
produce AZT 5-phosphate in quantitative yieldS  Interestingly, the ferr-butyl group uu\lld nl.w be
quantitatively removed, within 2 h at 75 Yo, wit trimethylsilyl chloride and tri in
acetonitrile.l% These conditions permitted the synthesis of N-pmua:dso-(u mmn?mzylyz-
deoxyribonucleoside-3'-phosphates with o 10ss of the 4,4-dimethoxytrityl and N-acyl groups.

Ope disadvantage in using the 18 for the §- i
oligodeoyribonucleotides was the lack of a convenient way to monitor the coupling reaction. Horn wd
Urdea citcumvented this problem by developing the phosphitylating reagent 10 from
sulfongdiethanol. i The phosphoramidite derivative was activated with 1H-tetrazole and coupled to
the 5'-hydroxyl function of thymidice bound to a controlled-pore glass (CPG) support. Following
oxidation, treatment of the solid support with dichloroacetic acid released the bright orange 4,4~
dimethoxytrityl cation which accounted for a coupling efficiency of 96% Deymmmn of the terminal

phosphate triester with conecatrated ammonium oC efforded thyaiding 5-
monophosphai a3 the sole product,  The S° uf
alternaively be achieved by the via a solid-phase app 33 or In

salnnnn.l“m“"
idite 11 has also been used for the S-
phosphorylxnon of nugnm.dgnumn Typically, oligomers anchored o a solid suppont were
phosphitylated with 11 In the presence of 1H-tetrazole and oxidized under standard conditions. After
deprotection and purification, the rtylsulff link wascleaved with aqueous silvet ltrate affording the
which atpH

8.5 10 the desired ohsonudeoude-iﬁphcsplllle a

facile §'-phosphorylation of oligonucleotides covalently linked to a solid support provided the
impetus for the development of specific phosphoramidites that would enable the direct or indirect
incorporation of a number of ligands at the $™terminus of oligomucleotides.
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1.2 Aminarion, Aminoalkylation, and Ligand Incorporation:
‘The synthetic challenge involved with the i of olig with it
mmuwmmmmolmmmemammmmnmn

of these primers to thelr respective was unaltered by the presence of m uorophores.
Furthermore. the facle detection of fuorescent DNA baads on polyacrlamide gels stressed the
potential application of oligomers such as 31-34 in automated DNA sequence analysis.
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Synthetic routes for the preparation of the protected $'-amino-2,S'dideaxyribonucleoside-3-0-
phosphoramidites 35ad have been developed. Specifically, the phosphoramidite 35b has beea
applied to the synthesis of 5-amino-d(CCGATATCGG) which was, subsequently, reacted with an
excess of the pentachlorophenyl ester of a tetrairidium cluster. Co-crystals, of the complex formed
betwee s metalated slicommplementary decamer and EcoRV, were obisined. These crytals were
suitable for electron microscopy studles and X-ray of
the phosphoramidite 30 into oligonucleorides generated s‘m  oligomers wlud: were condensed
with the N- ester of (D) complexes. These
metallated ol be d:le:mdby tved i

o

lyc)ku-w :s; 8= unpmyl O—ﬁcr.

1-{N_-benzoyicytoainyt)
© = 9N%pivaloyiadeninyl) Lew,
i d = (N isobatyryiguaninyt) "

Prn ™ ocHoHCH 3

wvoid the 2,5-dideaxynudeosides, the phosphoramidites 12,2627 L3a-
bﬂﬂu}‘—"lsam 163717H:”“ 18,5 19,9 and 3654 have been synthesized and applied to
the ami of synthetic otid . the S-termimss. The reaction of
$"-ami ester?37 or

N-bydroxysuccinimide
biotin p-nitrophenyl ¢ster3s produced the cnnu‘porndmg s‘-bwnnylmd oligomers in yiclds exceeding
85% with 10 deiecuble side reaction’é  The puriied S'biotimylaied oligomers were used as
hybridization probes for the detection of specific gene The strong and
interaction between biotin and avidin ot streptavidin luﬁn‘w the I‘amnnnn(lhtghlﬁlmy complex

1930 S. L. Beaucaczand R. P. [ver

= ca 10 —U that i a.dgdmzmhla =n;zmn‘=mﬂﬁod:. offered an alternative
S ol i addition t bx ptobe ek o il
have found hunon in Chain Reaction
(PCRYB3LQAS 10 facilitate Lhemmnqundn; ofumyhﬁed D‘K‘&‘? Polymerase
The v:mn'my of the phmpbonmdne 20 has been exemplified hy the solid-phase synuwns ofaa
oligomucleotide five primary amine functions attached to_the S'tcrmimus, ‘multiple
incorporasion of the phis pbosphmnnd:w 20 occurred with 2 eouplmg efficiency of 3588 Upon m'navll
of the protecting groups wi bydroxide,
biotinylated and then hybndued lo wmlemnwy Ml3mpl§ single-stranded DNA lmmohhud on
filters. C a sensitivity of 0.5 g8
Inanmmptmha]xmﬂwdemanol?ﬂ{mhﬂndeAuqumemxpmed
bes to mylon membrancs, Zhang et al.®
de.smbeddxemnnnf glyenl—based thyl-, N-dii
with the son of an_oligonucleotide linked 10 a solid support. The resulting "spacer-armed"
with the 13b yieldiog, after
deprotection, the nhgom- 37. Tbe purified amisoalkylated oligomucleotide wag then efficiently
coupled to gylon  membranss activated with 1-ethyl-3-(N,N-dimethylaminopropyl)carbodiimide
bydrochloride.
Altcrnatively, S'-aminoaliylated oligomers generated from the incorporation of the
phmpmmu m were activated with cyanuric chloride and then coupled to a mylon support
). This support may also find application in the of
speaﬁc RNA and DNA wﬂﬁﬂm PPt e cspre

ses .,_?,I'_.,MV\QAW\A,_LOW-":
T

o o
37
The conjugation of §*ami oligomers bas allowed the classification of
Fibrobatter 1 fiuorescence microscapy o the i of complementasity to partial 165 (RNA

sequences® I Ex.m 10 enhancing the detection of spec\ﬁc DNA sequences by fAuorescence
Iabelled we served in fiorescence energy
transfer upenmnsw and as primers in automated DNA sequence uulys!sw
The phosphoramidits 17b has been applied to the attachment of a S'-amino tether to a ribavirin
phosphate homopolymer. The amino linker could permit the potential conjugation of the ribavirin
oligome to a monoclonal antibody.38
§'-Aminoalkylated ~otigodecxyribonucleotides ~ resulting from the incorporation of the
homrmdnte 17b have also found application in the preparation of oligonucleotide-quinone
con]uga!cs.‘l hybridized to their complementary sequences, these conjugates were activated by
cytochrome ¢ reductase in the prescace of NADH and triggered the formation of eross-linked strands by
reductive afkylation.#1b These oligonucleotide conjugates may find interesting applications in antisense
experiments.” Similar applications are anticipated for those S'-amivoalkylated ougonms which have
been reacted with N-

4 i "eun;ugnndln leuk “‘ulmumladd.ivusu&heoujupm
to.cells leuki

While the syothesis of .
memylphnsphunxmxd.\m bas becn reported i the midelghtes only recently has the $™-aminoalkylation
of a methylphosphonate oligomer been effected by the methylp! hnq:hnumd.n: 2 (Table DA The

ofigomer was bioti and, after ok
Given the stability of the internucicotidic methylphosphonate linkages to e muccolytic aciviy of
nucleases, the biotinyl-oligonucieoside methylphosphonate was employed in the capture of maxi U2




6SC000

Functionalization of oligonucleotides 1931

RNA/ribonucleoprotein complexes from nuclear extracts of cultured buman cells. 5t
Ii is t© be noted that solid-phase syntheses of S-aminoallylated oligonucleotides and

as function have als been achieved by
the phospnnniemn roach 5253
et al ¥ further investigated the ™-ami of Their
appmc.h .mm the reaction of the S-OH function of solid-phase linked ohgomcn with
followed by The

i 38 was with the N- inimi eneru!\mmn:xpl-l77
Intercstingly, the carbamate I in 38 survived the usual basic conditions required for the removal
o the bse protecing groups. %455 This methodology was also eployed by Beck ef al:$6¢ townrd the
development of a cnem.lummmem detection of DNA and by othersSh o evaluate the eeliular uptake

and trace the & of belied

conugates

ong similar lines, De Vos er al3S described the synthesis of the dearyribonucleoside
phosphonmumte oo © faciltate the incorporation of an aminoallyl function at the S'ead of
[ group was iently removed under the
acidic conditions xeqmmd for the cleavage of a DMTY group. The resulting §™-aminoalkylated oligomer
was biotinylated while the oligonucleotide was still attached o the solid support or, alternatively, in
solution phase aftet complete deprotection53

- .
[ (Pra” OCHOHCN

!' l-thvmlnyl
L 9-hypoxanthinyl
Seliger et al57 reporied the synthesis of the deoryribonucleoside phosphoramidite 40 and the
dinucleotidic phosphoramidite 41 as a means of inserting aminoaliyl functions in oligonucieotides. The
monorgeric phosphoramidite 40 led to coupling yields of ca 9% whmu the coupling efficiency of the

dimeric phosphoramidite 41 was ca. §7%. The purified aminoalkylated oligomers were biotinylated in
ylelds up t0 90% wnh the N-hydrorysucsinimide ester of biotn at p!{ 7,557 A biotinylated hairpia loop
d solid support ta the ility to double-stranded
DNA mpmunns )
outro— o ]
1
NPy
o -
i cnemen
PH” OCH,CHMNFmoo MFmoo
40 .

A versatile linker for the modlﬁmhon of gmbem: biamolcml:s has been reported by Gildea er
al%8 The linker was 42ad. The solid-
phase synthesis of a penmdmmgr was performed nnd me oligomer was reacted with 16-
diaminobexane followed with the N-hydroxysuccinimide ester of biotin. The crude

oligonucleotide was purificd by binding 1o streptavidin-agarcse and washing away noo-biotinylated

1932 §. L. BAUCAGEand R. P. IYer

aligomucleondic sequegees. Treatmeat of the agarose with aqueous acetc acd released the captured
oligomer in 85% yieid.

In addition to this specific application, the phosphoramidites 42a~d could poteatially lead 1o the
attachment of  varicty of ligands at the 54nd of oligomucleotides with the unique possbility of
recovering the upon ail

cHy0 —

-w e
o
P e
q‘ [ \ﬂm.cnﬁ-

13, Thiolation, Mercaptoalkylation, and Ligand Incorporation.

A strategy for solid-phase p\mﬁauon of ohgonutlwndn has also beca proposed by Banawarth
and Wippler.) The approach relied oa the i ite 43 at
the 5'¢nd of an linked to a solid ‘The derivatized oligonucleotide was
then deprotected with concentrated ammonium bydroxide and treated with aqueous silver itrate. The
thiol-containing aligonucleotide (44) slong with the underivatized oligonucleotidic sequences were
reacted with the ‘activated disulfide support 4 at pH 7.0. The resulting support 46 was freed from
underivatized sequences and the pure S'-phosphorylzud uhgomldeoude 47 was released from 46 upon
treatment with The yicld
of pure 47 has not, nowmr, been reported.

.....mwjﬁ
Moo v
020 om HO Ow
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B2 = benzoyt
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‘The synthesis of protected §'-mercapto-2.,5'-di ide-3'-0- ridites (48a-d)
andxheirlppﬁnnonmudme i or“ reapto-oli ides have been
reported®0 Like S i by the
structure 49, can react with a variety of :learnphﬂcs. ‘heavy metals and fluorescont markers.S1
'mﬁlﬂg " a-p'
) omt—o"
i ocHEH,CH ]
A==y
488 Ba ‘lIhxll 49 BT, C,ArG
b e 14N -b'mylmulnyl)
e a 9<{¥'-plvaioyledeninyl)
d = O-{Nisobutyryiguaniny)
The idites 112142 and provided an alternate route

to the synthesis of 5'thiolated oligomucleotides. It has been shown that S-mercaptopropylaxy-
oligodeonyribonucieatides can be derivatized with tetrametylrhodamine iodoscetemide o fluorescein
iodoncstamide o ield Quorescent M13 primerssutable for automated DNA. uqucmng,
Furthermors, Mori &f aL.% described and its i
at the S-end of syathetic e 5' were then
coupled with N--aczidinyimaleimide affording fuorescent oi.sonudeomu which were used in cellutar
uptake experiments.56

have aso been spplicd to the symbesis of
sequence-defined Specific e prepared by
Sandard solid-phase methodology and wete reacted with M. iyl maleimido b
Purificd maleimido-containing polypeptides were reacted with purified S-mercaptoalkylated
aligonuclcotides at pH 6-7 t0 yild the desired pn]yptpudr.—ohgomldeoude mupm Tt s notewortby

that the of 5™-thiolated oli 3 led to
the formation of conjugates that were particularly eﬁcmve in the selective fakibition of gene expression
in intact cells§7

Of ieres, S-hilated oligomers have been synbesized from the incorparation of a tritylated

derivative by solid-phase techniques$8 These thiolated

ullgomeﬁ were mndensed with horseradish pemxmne derivatized with maleimide functions to
& quence-specific detection of PCR- ampl.l.ﬁed DNASS

The reaction of 5- i yl-activated Sepharose
4B or Epoxy-activated Septwou 6B resulted in \h= eovﬂem znammm of specific oligomers ©
Sepharose. The addition of yielded DNA

cuplexcs as affinity igaads fo the solation of pecifie DNA b\ndmg proteins &3
It is irportant to mention that S-amitoalkylated oligonucleotides can casily be converted into
nhgonudeoudes cmying a S-mercpo foacton upon  searton with ditbiobs (V-
propionate at pH 7.7 followed by treatment with di i
Mermpwalkylxt oligomucleotides were obtained in 70-809% yields. s.muny Gaur ef ol reported

the reaction of a witt
instead of dithiobis The activated
pmduoed the fvmerapmalkyhmd ohgvnudeodde upoa uulmem wuh ah.hno'.umml (V!T) at pH

reaction of a 5" 4 oligomer with N-aceryl-DL
mmlmu a pH a.o’ﬂ o- with N-succinimidyl-S-acetyl thioacetate lauma by bydroxylamine

1934 S.L. Beaucacsand R. P. fven
7t generated the carrying a free thiol group in yiclds
greater than 95%. The thiolated oligomer w_,u‘s then derivatized with N<{4-dimethylaminobenzene-

4')mdammmde or N<(3-pyrenyl)maleimide.™

In this context, the reaction of the §-hydroxy function of an oligooucleotide linked to a solid
support with, successively, carbony! diimidasole and S-DMTr-cysteine yielded, atter deprotection and
plu'\.ﬁumm. an ohganwr iecivatized with both mercapto and carvorylic acid fnctionaliies.

and Chassignol™ described the synthesis of oligonucleotides carrying a 5

dlmphmphu monoester function. Their approach was based on the phosphitylation of e, 5-OH
function of oligomers anchored to a solid support with the 1a followed by
of the phosphite triester intermediate with elemental sulfur. The purified 5 hiophosphorylated
ohgmdmnde were reacted with various electrophiles in aqueous solution, affordiag the efficient
774 in addition to
fluorescent und radivactive markers. A s strategy has been particularly useful for the

iswoduction of prolaia at the end of o- or Boligodzonyiborudeotdes 3 s means 1o diree
reactions to the DNA sequmus’”‘ a similar manner, the
phosphoramidite 24 (Table 1) enabled the ion of a S

group
into oligomucleotides and the subsequent functionalization of the thicated oligomers with a
phenanthroline-copper chelate.’

Recently, the coupling of a specific S-thi oligomer with p-azi bromide
was performed to demonstrate that the inhibition of SV40 DNA replication in CV-1 cells resulted from
the formation of a triple helix berween the viral DNA and the ollxomldeoude carrying the cross-linking
agent™ Psnrﬂmokgnnudmudz conjugates have also been similarly prepared by remnng H&

ng a St group.®  The

linking of the wo DNA strands by the triple helix-forming

psom.len-o].lgonudwude conjugates occurred with efficiencies greater than 809303 Thus, psoralen-

oligonucleotide conjugates can be designed to recognize and irreversibly modify specific DNA

sequences 0 Such modifications are expected o block replication and transcription by preventing the
opening of the double helix.

1.4, Oxidation, Esterification, and Ligand Incorporation.
Alternate mettiods for linking not-radioactive labels o the S¢ad of syathetic otigodeory-
employiog bave becn reparted.  Specifically, the

ribonucleoside phosphoramidite S0 was sed t generate  (5S'isternucleotdic ik with anoligomer
covatently bound to a solid support.3¥ The deprotected oligomer 51 was oxidized to 52 with sodium
metaperiodate. The reaction of 52 with biotin hydrazide followed by reduction with sodium

N v 38" i v

+
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afforded the bioth ide 53 which bas been applied to the detection of
M13 DNA immobilized on titroceltulose filters 3%

‘The phosphoramidite 54 has been recommended by Kremsky ef al.8 for the phosphitylation of the
5-OH fuaction of an oligonucleotide anchored 10 a solid support. Iodine oxidation followed by
complete deprotection yielded the oligomer $8 which upon condensation with biotin hydrazide in the
presence of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (DEC) afforded the biotinylated oligomer
86 in ca. 90% yield.

et

2ot § oo

[e2x

P—0{CH;),;COICH, 58
cHyo
* 5 s i ﬁ
e T e L Y

o Y, .
86 °

Notcwarby procedures for the biotinyation of symeric oligonuciotides have also been
reported by Kempe et al.® Chollet et al, 53 and Chru e

1.5, Direct Ligand Incorporation.

15.1. Biotinyl ides were casily preparcd by
reacting the phospboramidite 57 with the s‘ou ow of solid-pbase bound ofigomers under standacd
conditions 35 The synthesis of 57 was by coupling biotin N- with p-2-

hydroneiylailine,  The resuling elhanolamide vas then, phosphiyaced wth bis-(M,N-diiso-
the

phosphitylation of a biatinol d:manve -m.h chloro-(methoxy)-N- mnrpbohnvph hine led to the
biotinylated phosphoramidite S8.% The coupling efficieay of 58 with the '-OH function of solid-phase
bound oligonucleotides can patentially be measured during the removal of the NI-DMTT group of the
biotin moety.

P
.
een.cn,en mn:ii‘g/iv
tSaVY "
87 L1
In & recent seport Pon. described the ion of [1-N<{4,4'-di

59) for the automated synthesis of S-
biotinylated ul:gonudeuudes.“ The N1-DMTr group provided solubility and purification advactages
while the hmlnnhexyl lmkzr facilitated th: mlnnmn of biotin with large proteins. The biotinylated
with an efficiency of ca. 85-95%. The
blnnnthdnhwnndemldﬂeouldbehumdmmmnmadmmommhydmzidehﬂhnSO'C
without sighificant loss of biotin87

1936 . L. BeaucacE and R P. IyeR
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ocuecmen

b nmdmhnnnhmmndulgpedformmeamumolhmmumnapunmm
synthetic oligonucleotides.8 For example, the biotinyl phosphoramidite 60 was prepared in six steps
from solketal and was repeatedly incarporated at the S™cnd of a universal M13 sequencing primer with
2 coupling efficiency of ca 99%, Oligomucleotides having up to eight biotin residues were synthesized.
Depending on the assay used, it was found that an ofigomer having cight biotin residues was detected at
a concentration 10 fold lower than that of a singly biotinylated oligomer. 88

152 i The idite 61 was
synthesized in nine n:ps{mm'.hpmlumcsu.lfnmsdtofblymune benzyl ester and was also
repeatedly inserted in the sequence of the universal M13 sequencing primer (vide supra) with a coupling
efficency of ca. 96%. Phosphotyrosiny oligomucleotides eoabled the detction of M13 DNA with 2
signal strength increasing with the mumber of phosphotyrosinyl residues.58

%

60 L3l

153 2,4-Dinitrophenyiyl Phosphoramidites.  Will et al® reported the synthesis of the
phosphoramidites 62 and 63 for the single or multiple incorporation of dinitropheayls (DNP) at the 5~
terminus of oligonucleotides. The insertion of &3 in oligomucleotides by solid-phase techniques
occurred with a coupling efficeacy of ca §7% and afforded ohmnudwudu having up o ten NP
groups® Due to the sensitivity of the mmltiple DNP labels 1o concentrated ammonium hydroxi
under the usual deprotection conditions, Fon-mud:m“? uﬂym; base protecting groups that can b=
removed under milder conditions bave been used in the synthesis of DNP-labelled oligonucleotides.
The facile detection of such oligonucleotides was effected with anti-DNP monocional or potyclonal
antibodies harboring suitable markers.$
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1.5.4. Bipyridinyl Phasphoramidie. The phosphnnmdm 64 bas rocently been prepared by
Modak et af.9" and employed in the After oxidation
and purification, the bipyridinyl phosphotriester 68 was eompleud with Cu(T) aad Incubated with poly
rA.,,,.n:s'lﬂc,p 7.1, for 24 or 48 b. The RNA substrate was degraded to the extent of 21% within

‘Adenosine ')-cyclic monophosphate was identified as the major hydrolysis product. No
dgpadlmm of the RNA homopolymer was detected in tho absence of Cu(ll) under similar
conditions.”!  The phosphoramidite 64 may, d:exefam u useful toward the lnmrporn:nn of -

bipyriding] group at the S-ead of of sequence-sp
dleaving reagens.
Y
S Sty
cu.o Jmc,
84 as

155, Anthraquinonyl Phosphoramidite. Moti et al% developed the phosphoramidite 66 for the
derivatization of oligomucleotides at the S'cnd with an snthraquinon function. Anthraquinones are
potentia ndlcal producing entides wtich 6o not ccessariy require photoactivation o the prescace of
metal ions. may find appication ia the delivry
of radical- pmdud.ng anticancer drugs to it ot acd targets:

156 Proralenyt Phosphoramidie. The direct incorporation of psoralen derivatives at the 5™
terminus o oligndeoryrbomeotdes wes efected by the phosphoranidite €7 via soldphase
methods 93 Psoralen derivatives can intercalate between the base pairs of double-stranded nudleic
acids and may become covalently attached to thymine residues upon eqmure 10 tong-wavelength UV
irradiation. Under these conditions, each psoralen-DNA adduct is generated through the formation of
a cyclobutane ring. These adducts have been applied o the clucidation of nucleic acid structures and
functions 80.95.9%

1.5.7. Acridinyl Fagaroninyl  Phasphoramidites. pputhesis of Ihe Joidiy]
phosphoramidites 68"7‘ and 69a-b% and their introduction a( me s' “terminus of
unmodified hes been In addition to pmv\dmg

fluorescence to these oligonucieotides. the acridinyl group mbumd the formation of double- and
uiple-helical structures wnth complementary nucleic acld targets by viee of its intercalating
propertics. 7759799100 Such fluorescent oligonucieotides have bem cularty useful in kinetic
experiments pertaining to the cellular uptake of these biomolecules.
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Tt has beea ine akaloid, fagaronine chlotide, isolated
from Fagara zantharyloides emibiod the reverse transcriptase activity of several viruses. 101 These
findings provided the impetus to determine whether antisense oligonucleotide-fagaronine conjugates

would enhance the inhibition of retroviral reverse transcriptases. Fagaronine chloride was converted to
the phosphoramidit 70 which was then reacted with the §-hydrory funcdon of oligonucleotides. 01
Relative to oligomers, ine conjugates hybridized better to

complementary RNA sequences presumably because of the mumlmng abilities of the fagaronine
eatity. ‘The conjugates were ca. 3 times more potent than uamodified oligomers at inhiblring HIV
Teverse transcriptase but were ca. 3 times less inhibitory than fagaronine chloride itsel£ 101
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158 Cholesteryl and Other Lipophilic Phosphoramidites. The application of oligonucieatides as
poteatial therapeutics bas been bampered by the low efficiency with which these polyanionic molecules
permeated intact cells. It has been rationalized that the anachment of lipophilic groups known to
interact with cell membranes, to oligonucleotides, may increase the therapeutic potency of thesc
biopolymers.12  To test this rationale, the cholesteryl phosphoramidite 71 along with the
adamantytethyl phosphoramidite 72 and the polyalkyl phosphoramidites T3-7 were synthesized and

incorporated at the $-terminus of an 10 a region of
the HIV-1 rev gene.}024 It has beea sbown, so far, that the denaturation temperatures of duplexes
composed of the lipophilic oli and DNA strands were

ideatical 10 that of the duplex reslting om an equivalent underivatized phosphorothiowte ofigomer
and its complementary DNA sequence.
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‘Along similar lines, Kabanov er al.19% reported the synthesis the phmmmu 76 as a means.

to introduce. an hydrophobic group at the Send of argeting an
:pms( a loap ...,. of the influenza A/mm v|nl RNA, considerably
suppressed the development of in permissive MDCK cells relative 10 that observed with
unmodified oh‘uwdmdd undex xdguur.u nondmm‘m “The attachment of hydrophobic groups to
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otigonucleotides has therefore demonstrated its efficacy at improving the biological activity of theses
biomolecules.

In an additional effort to impart lipophilicity 10 oligonucleotides and improve their celiular uptaks
and cellular distribution, the synthesis of the DL~a~tocopherol (Vitamin E) phosphoramidites 77 and 78
has been described.%2¢ Similar to the phosphoramidite 76, the incorporation of of 77 and 78 into
oligonucieotides occurred in yields greater than 95% according 1o HPLC analysis of the conjugates.!
The anti-HIV activity of these modified oligonucleotides are currently being evahuated in cell cultures.
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159, e 2
for automated dideory-DNA scquencing has been further simplified by Schubert ef al 113 who reported
the facile integration of the Buotesceinyl phosphoramidite 79 into synthetic oligonucleotides. The
phosphioramidite was prepared from the alkylation of fluoresocin methyl ester with 4-chloro-1-(4,4'-
dimethoytrityloxy)butane followed by derritylation and ~_phosphitylation _with _ bis-(N,N-

i i te 79 has been used in the solid-phase
synthesis of various M13mp18 uqnemn& pnmets Coupling yxcld.i were equivalent as those recorded
sy o : C
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The mubtistep synthesis of the S-carboryfluoresceinyl 80 fom 5.

that
because of the steric hipdrance imparted by the trityl group, the eoupling of 80 t the S-OH function of

1940 §.L. Beaucacgand R. P. Iver

a solid-phase baund oligomucleatide necessitated a coupling limz of 120 sec and procseded with an

efficiency of only 70%. The fluorophore and its linkage to the oligomer were stable chain
assembly and to the conditions required for complete oligonucieotide deprotection.10% Li.ke me
biotinyl- and (60 and 61), the

be incorporated at any site within a DNA sequence or ean serve in the derivatization of solid suppm
10 yield oligonucteotides labelled at the 3terminus.

Aside from the 5'-OH group of ol iester function of
these bomatecles soud s be funconalised, Ths mb;ea will be dealt with in the forthcoming
section.

2, FUNCTIONALIZATION OF OLIGONUCLEOTIDES AT THE INTERNUCLEOTIDIC LINKAGES

Jager er all4 that ami ides can be
prepared by routine solid-phase synthesis using _deonyribonucleaside  3-ON,N~diisopropyt-
amino)methaxyphosphine monomers. For cxample, the oxidation of the dinucteoside phosphite triester
81 with iodine and 15 afforded the ami dimer 82 which

coupled to 6-chloro-9-(p- 2 idine 104
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Due o the subi.uly uf the phosphoramidate linkage to the conditions used in wua-pme
\hod. the of
phosphoramidite md X ph onate monomers allowed the insertion of :hmmeryl,m
tammel.hylpapendmcwonylm or phenazinyl d»—Noxxde‘““ phosphoramidate links st predetermined
sites. The validity of this approach has been previously demonstrated by Letsinger ef al.197 in a report
aeunudn; the prq;muan of uunmc oluun\lcleoudu.
similar Agrawal @l and others!® introduced either osN-x-
mﬂmmamyt)heunedumue “arms at spcuﬁl: sites along the oligopucleotide
tethers at the S-end of ohgmdeaumm Afer
complete i lh: oligomers were eoupled 10 ligands such as
fluorescein isothiox thodamine isothiocyanate or aavated esters of biotin. This agproach
pwvldcd multiple labellmg aplblblles and thereby increased sensitivity for diagnostic purposes.
The specific functionalization of oligonucleotides with two different reporter groups has been
described by Agrawai and Zamecnik110 Ofigonucleotide assembly began with the incorporation of a
nuclcoside H-phosphonate monomer followed by oxidation with carbon tetrachloride and (N-1-

10 generate a link. Standard deoryribonucicoside
phosphoramidite monomers were then employed until completion of the synthesis. The last ox:dmon
step was effected with a sulfurizing reagent! Kb generate a phosphorothioate link which, aft

was reacted with at pH 7.2, The aminoalkyl funeion

of the purified bimane-labelled oligomer was then reacted with fluorescein isothiocyanate and the

resulting bifuncrionalized oligomer was isolated in 60% yield. Such bifunctionalized oligomers may find

application in cellular uptake experiments or toward the targeting of specific messenger RNASs.
Numerous reporter groups have been introduced at specific sites in oligonucleotides carrying

phosphorothioate diester links. 113 For example, the reaction of an olmdm ‘phosphorothioate
with Mdnnsylui.ndmg forded the danlsed phosphorothionte aligomer &3 In yieds groster than
85%.114 ? at pH 7 led to the complete formation
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of the bimane-labelled phosphorothioate ofigomer 84115 Interestingly, bimane labels have been
incorporated at multiple sites into oligoaucleoside. phosphorothioates while the oligomers were stil
cmbedded in the polyscrylamide gel matrix after clectrophoresis. Oligonucieotides containing two
hunded to four hundred labels can be detected with the naked cye at the low femtomols level (10-20
Emol) 115,116
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The mucleophilicy of phosphorothioate diesiers has been exploited in the sequence
determipation of DNA and RNA1X7118 Specifically, the reaction of ofigodeony- or oligoribomudleotides.
having raadomly distributed phosphorathioate links with iodoethanol of 23-cpoxy-l-propaacl
generated bydrolytically labile phosphorothioate triesters which promoted the subsequent cleavage of
the oligonucleotidic chains. 17 This approach represents an alternaive to the current DNA sequencing
procedures.

The following section will assess the recent developments toward the derivatization of
otigonucicotides at the 3'-end.

3. FUNCTIONALIZATION OF OLIGONUCLEOTIDES AT THE 3'-TERMINUS

The incorparation of a fluorescent marker at the 3*-terminus of oligonucteotides was reported by
Asseline and Thuong!1® Their approach involved the phosphitylation of the solid support 86 with the
fluorescent deoxyribonucleoside phosphocamidite 88 in the presence of UF-tetrazole. The labelled
oligomers (87) were subsequently released from the support by treatment with DTT under alkaline
conditions. This methodology also permitted the multiple insertion of fuoresent labels within an
oligoaucicotidic chain.
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ecent years, solid supports have been engincered to the dechatizaton of syhecic
ohgcmn:lemxdu with functional groups including mmm«m or unmasked 3-sulfhydryl 9120
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terminal 3'-phosphate, 191200 121-123 3'-chi 6100011512 and 3'-aminoalkyl ™6
These functional groups can then be further derivatized with various Ligands to serve as tools in
anoleclae biology experimeats, Sold supports fncronalized wit acridine % choleserol 35 DL
a-tocopherol’

‘Buoresceini®3 have also been described for the synthesis of oligomucleotides
bearing these ligands s the 3 serminun
Aside from the internucleotidic linkage and both termin, the functionalization of oligonucleotides
at the nucleobases bas been thoroughly investigated. The results of these investigations will be
summarized in the next section.

4. FUNCTIONALIZATION OF OLIGONUCLEOTIDES AT THE NUCLEOBASES
4.1. Derivatization of Activated Purines and Pyrimidines.

It is well-known that the triazolo function of 4-triazolopyrimidinone nucleosides are susceptible to
nucleophili displacement by lmmuu L2 This mmu bz been exploied by Le Brun e o 13 who

inserted according 10 the
pl\mpl\uramlmlz methodology. The m.zoryl groups were Lh:n displaced with 1,10-diaminodecane and
ers were The specificity of these

b(annyllted oligomers was tested in hybridization assays with plasmid DNA immobilized on
nitrocellulose flters.” Tt was found that the subility of the resulting hybrids was not affected by
biotinylated arms located at the $'end of the oligomers. Conversely, the swbility of the hybrids was
strongly lmpmd by the location of the biotinylated linkers within the ohgomldeoud.i: chains. 'n::
tion temperature (Tm) of these hybrids was at least 10 oC lower than that measured wi
unmodified oligomers.13 Cansequently, the S™tcrminus appears to be the ideal position for um
incorparation of these modified mucicobases into oligonucleotides.
MacMillan and ~ Verdinel%*»  reported the synthesis of fonctionally tethered
by @ ing the i 8 a2
preselected site during nhgon\uleonde assembly. The use of deoxyribonucleoside phosphoramidites
hlmxg base-labile protecting groups (N.isobutyryl cytosine, N®-phenaxyacetyl ldenm: md m.
phenoryacetyl guanine)i3$ permmed rapid with
hydroride without affecting the O%- uyl.ma uracil residue. Trutm:nl of the modified ohgmmclcondu
with amines such as 1, glycine or bis-
(aminoethylidisulfide at 65 o re:u]led in mmmmuy emered ougnmdeandu with a conversion
efficiency of 89-100%.54> A similar postsymhetic geacration of ohxomers contalning 0%
sidues

stemmed from lhe insertion of the triazolo ite derivat m'
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It has been recently shown that Llhlo—Z'-deolynndmgwnmmlu dligonudeotides le led 10 tether
atachment by postsynthetic S-all r mixed disulfide formationd The d-thioated-2'-
deoxyuridine phosphoramidite 90a has been syuxhesmd and incorporated into oligothymidylates by

solid-phase synthesis.
SCHCH,CH SSCHCH,C1
n ”

o g
Dlﬂ'o‘w L) B—l 2

o

. ods
0-Prn” OCH,CH,CH —

8te3"
90a R= H
b = Me 91 Re K
itative S ion of each ol as effiected by treatment of the solid support

with 1 M DBU in acetonitrile. The modified oligothymidylate was then released from the stationary
phase and reacied with N-(Zshloroctiithiojphitimide in phosphate buffer (pH 8) to yield the
oligonucleotide 91 which can be further derivatized with selected reporter groups.1d ~ The
phosphoramidites 90b and 92:94 bave analogously been applied o the synthesis of oligonucleotides
containing thioated ruclcobases 14e-t
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028 Aa H 0 048 Az phemt
b = Me p-nitrophenyl

To instigate the synthesis of oligonucleotides Wmm:a-:c&-»-m&mmo
ngxmnv;.. %Lmﬂmphenylmpm phnrmhuumd.llu 98ed ';le.prqumd in several steps
from di O soetyt2
res-pemvelf‘ 1360b The insertion of 9Sa into oligonucieotides accuned within 3 min with an cﬁaemy of
98%. A dodecamer was synthesized and fractions of the solid support carrying the fully protected
oligonucleotide were cach treated with differeat reagents. For cxample, the reaction of one of these
fractions with 10% mercaptoethanol in concentrated ammonium hydroxide at ambicnt temperature
pmduud a deprotected dodecamer having & 6-thioguanine residue. Alterpatively, the trestment of

ngmdeeudl fractions with cither concentrated
N‘N‘MN tetramethylguasidine (65 mM) and o-nitrobenzaldoxime (75 mM), $0% aqueous

1944 S.L. Baaucacaand R. P. IR

metylamine, methanol/DBU (%1 or 05 M squeous odium bydeoide 31 25 o, aforded deprosected
ing either 2,6

residues. 1% This general procedure also u.llvwd the introduction of NMR sensiti
$ich 28 BN, 5C, and 110 dertved from BESNI i, [5C}methanol and [0 water, - m
locauons into synthetic oligonucleotides. e 95 n the incorporation of the phosphoramidite 95¢

iato oligomucleotides cuabled thepo on of these molecules and yielded oligomers
and their Né-aminoalkyl analogues, or fuorescent 6-

(N,Ndnnathyhmmopyndlm\lm)—l—umlnﬂpuﬂnc residues. 136

ouTIo— o 0
95a A= (2&-dinitrophenyiitiio; R's ungcn,n

b = (24diniophenylithio; = H
¢ = pentafiorophenoxy; uuﬂc.,

w—0.
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and purificd oligomer was tmned with either bi ar bi
yielding a DNA duplex baving an aminoalky] disulfide tether at a specific location in consecutive base
pairs on opposite strands. Upon reduction with dithiothreitol, the froe thiol function formed an
interstrand disulfide linkage d\mng aerobic ahlymm Such cross-linked oligonucleotides should
facilitate the study of enzyme-mediated unpairing during either transcription, replication or
remmbmmnn

eg:e g of also been by
Webb e a0 Theie approach rclied on the incorporation of the modlliui demynbﬂnudensldg
89a-b into oli by solid-phase methods. The triazolyl nucleobases were
e\mverwd to their corresponding elhylenemnm derivatives upon reatment with ethyleneimice. The
( uhggmr.ﬂzz 1i Llﬂwi xis compie oo albeit at a slow
mle t t was e
(g5 RS20 I s P, e cilp anion 6 o i i
it a4 deserived e multistep syathesis of the aminoallylated deoryibomueleoside
ite 96 from P! The single insertion of 96 into
oligonucleotides by solid-phase synthesis required a coupliag time of 300 sec. Following deprotection
and purification, the aminoalkylated oligomers were mdcuetylucd and characterized by enzymatic
degradation 1o the nucleosides.1® Oli bearing a
residue were shown 1o crusslink and cleave complementary strands at adenies aod guaaines. It is
believed that alkyl d at the N-3 of adenine from the minor groove or with reactive groups of
guanine in Mmanndmmrymoftheduplu. ‘The efficiency of alkylation was low probably
‘because of the free rotation of the reactive linker around the sulfur atom.1¢ More rigid tethers may
provide higher alkylation selectivity.
Of imterest, the i idite 97 b to enable the
of ntaining 3 s mnd\ua.‘“ h is anudp-ud that these
modified oligosucieotides will bis applied 0 experiments aimed at estimating the specificity of
teplication catalyzed by DNA polymerase L Using nucleosides as models, it has been demonstrated
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converted to 3-deaza-

that 34 24, casily
mymmeupanmunummwmnmdammmhymduaxssoc 1
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o8 97 Ha 2,4,8-trilsopropyibenzenesultony!

In an effort 1o determine the active-site of DNA (
MHaell, an enzyme that recogaizes dyad-symmetric sites (d[CGCC]) and carries out two sequentisl
methylaions of specific cposine micleobase, the constmirion of a suiclde DNA duplex was
undertaken 14ab On strand of the DNA duplex had a 5-methylcytosine residue at the expected
M.Haelll methylation sitc (3‘-A{GCGTA1Q5 MedC)GGTACTGC}S'). The complementary strand

carried a S-fluorocytosine mucleobase also 2t the expected MHaelll methylation site (5
[COCATAGG(S- quummﬁ];) These hexadecamucleotides were prepared by the

of mew(u. ite 98 and the
S-methyl-2- 99 by synthesis. Upon removal of

the protecting groups with conccniraed ammonium ydroside, the 4-0-(2.4, &mm:mylphwyl)&

Buorouracil residue was converted into a S-fluorocytosine. nucleobase in' quantitative yields 142>

purified hexadecanucleotides were stoealed and then mixed with M FlaeTll along it he wfmm s

adenosyl-L-methionine. -m wukn! DNA-MHaclll complex was pusifid and submitted to
roteolysis. Sequenciag of revealed that Cydry of M.HaeHl formed a covalent

Bondots DNA during :amlydc Lpsser ki 254

Sy

it 1
e ’\aenlcn,:u (+Pra” SOCHCHEN
A= R
9 ‘ﬂl - o= E.
Schmidt ef al, 104 deseribed ion and the i ion of the $-fluoro-
zwpmmmxmmmmmm to investigate the camlytic
 the DNA cytosine S £ coli K-12 methylates eptosize residues at

1946 S. L. BeAucacgand R. P. [vER

C-5 in a sequence-specific manner. It is important to mention that the S-fluoro-2'de
phosphoramiditc 100b can be inserted in oligodeoxyribonucleotides by solid-phase techuiques without
protecting its exocyclic amino function. 1€

42 Ligand I rom Aminoalkylated Purines and Pyrimidines.

Urdea et al.is npoma the synthesis of the deoxyriboucieoside phosphoramidites 101a-b from
These derivatives led to the solid-phase
s,mhem of oligonueleotides having aminoalkyl functions at various locations within the oligomucleotidic

chains. Reporter groups such &S biotin, fluorescein, and isotuminol were coupled to the purified
aminoalkylated oligomers and their detection limits were assessed. 148> Furthermore, the reaction of

the aminolalkylated cligomers with p-phenylene diisothiocyanate followed by incubation with eitber
peroxidase or alkaline phosphatase afforded the corresponding  enzyme-DNA

borseradish
conjugates. 14
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Cosstick and Dougluw dam‘bm the synthesis of the aminoalkylated deoxyribonudleoside
ite 102 and its into a dimer a3 a modet to evaluate the formation of specific
interstcand cross-links. It was argued that the hybridization of so oligonucleotide having a NO-2-
aminoethyl)adeaine nucleobase with & complementary target DNA or RNA sequence would position
the nucleophilic aminoethyl function in the viccinity of a pyrimidine residue located on the
complementary strand.145_ Activation of the $,6-double bond of pyrimidines with bisulfites would muu
a nucleophilic artack at C-4 by the aminocthyl group end would result in the cross-linking of
strands. No data supporting this concept have, as yet, been reported.

A~ muen.).nngc-,
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b 18272 Scmcn:
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The aminoalkylated phosphoramidites 103 and 104 origlnated from either the transamination of
2-deoxycytidine with 1,3-diaminopropane in the presence of sodium metabisulfitc!46ab or the faclle
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of N:p z derivatives with 1,6-diami 1464 The
104 was at the Send of an oligomcleotide
anchored to a solid supporc and, aft was
thesis

hmnnylaud "64 Along similer lines, the phosptmmma los was prepared in a multistep synt
from  35'di chloride. 17 The
aminoalkylated phosphoramidite was repeatedly mened at the S-terminus of a 2-O-alkyl
oligaribonucleotide and the resulting in an
attempt to facilitate the purification of RNA-protein complexes.147.148

1o an ahternate Bazin et al 1%  described the symthesis af l.he deoxynhomxdmdn

phosphoramidite 106 from the
1 the { The of !h
pnosphmmdiw 107 was also reported for the same purpose. '.‘,‘,‘?,2“’““" |he coupling of 107 to solid-
ith an ¢ y of 94-

PO
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The synthesis of "branched” DNA molecules as amplification multimers in bicassays bas been
reported by Hora et aL150 and by Cbang et al. 152 This type of branched DNA molecules are composed
of two distinetive domains of oligonucleotide sequences. Ome domain consists of a target specific
segment contguous to 2n arasgement of branching nucleobases generated by the multiple

he 108a-b by standard solid-phase synthesis. The
selective umm!l of the evaliey] ‘groups unmasked bydrory functions for the solid-phase synthess of the
second domain of oligonucleotides. Labelled probes were ized o this second set of DNA
sequences thereby providing enbaaced detection semsitiviy 150
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In an effort 10 prepare Eu*3-labelled DNA probes, Sund et aL122 inserted the deoayribonuclecside
phosphoramidite 108 fifty times at the 5-end of a g ic oligomer (50-mer). purified
oligomucleotide (100-mes) was then reacted with the Eut3 chelate 109 ot pH 105, The Eut3-labelled
probe permitted the detection of 200 picograms of phage lambda DNA by time-resolved fluorometry. 152
It must be noted that a hmnphammmﬁm—ku(ﬂ) complexe denvanztd as a Bcyanoethyl NN-
dusopwpylyhosvhmmldm derivative, has also been applied to the solid-phase hbellmg of

nuclcotides. 159 Like But3 labeled oligonudeotides, cﬂmmﬂ {sbetied with bathophe:
Ru(n) mpl be detected by ti

The_deoxyribonucleoside phasphoramidite 110 was !ynv.hemed from 4-thiothymidine and
tyraminel? and inserted at speam lounio within oligonucleotides by solid-phase synthesis. The
](y‘mmmermm.';of ides were radioi by the standard "chloramine

axidati have been useful as primers for PCR amplifi
dmmnofvuﬂDNAseqnemhmml;n prime mplification and for e
deoryribonucleoside phoxplwmlmdlu: 111 has been prepared from NB-ph nyl-2-
deﬂ!y!dennﬂne derivativestSS and represents an addition to the prepw & mymrbowy
10 the of

ohe

""NO/ n-j‘n/wvu\n’ o
_ %@,cn, a { Tf:; L L
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(PN OCH,CHCN (PN OCH,CHCN

110 11
43 l.gmt Incorporation via. th,aund
o al.1% synmui:lndapplxmnanoldwhbglmleddwtyﬂbomldeodde
phosphmlmldﬂn 112 and 1138-b i the solid-phase m,mbm cf modified oligomucleorides. Typicaly,
the treatment of these solid-phase bound ith cither D- or with
amines derived from (+)-mans-7,8-dilrydroxy-and-9, mqmyu 10,11+ un‘bydro-(a]-pyme and ()
9-diy 10,11-epaxy-&9,10,1 sdro-{al-anths under
conditions, afforded the corresponding adducted oligomers.1% This synthetic memod is quite attractive
for the preparation of oligomucleotides having structurally defined adducts in the quantities required for
structural studics. N
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44, Modified Nucleoside and Divect Ligand In i
Protected deoxyribonucleoside phosphoramidites carrying various markers such as biotinyl,
dinitrophenyl, dansyl and pyrenyl have been synthesized by Rogm et al.157 a5 3 means to label synthetic
oligonudicotides. Specifically, 114 was pleplled in 85% yields from the aminoalkylation of the
ith 16 The reaction of 114 with cither
biotin N-hydroxysuccinimide ester, \-Buorodisitrobeazenc, dansyl chloride or oyl
chloride, {ollowed by phosphitylation, ylclded the labelled phosphoramidites 11524, These were
activated with 1H- ides with high coupling yields (>97%) by
standard solid-phase sym.hem. Multiple la.belhng can be performed on the same oligomucleotide to
provide increased detection sensitivity to én sife hybridization experiments. 157
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This approach has been further refined by the synthesis of the biotinylated deoxyriborucleoside
phosphoramidite 116153 Relative to 118, the phosphoramidite 116 carries a larger and more polar
spacer arm to facilitate biological applications. Furthermore, 116 is readily soluble in acetonitrile and
has been singly or repeatedly inserted at cither the 3-, S- or at both (:z::ml of 2-0-

of DMT

ammonium hydroxide under mmhrd conditions, proceeded without sigaificant loss of biotin. It has
been shown that purified tetrabiotiaylated oligomers prepared from the incorporation of 116 had
reduced pecific binding to . The tandem ion of four biotin residues
gave reproducibly superior binding when compared to oligomucleotides containing only one or two

biotin residues.
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Mielewczyk ef al.1% reported the synshesis of the deaxyluminarosine phosphoramidite 117 as a
means to generate fluoresoent oligonucteatides that could be applied to the non-isotopic detection of
specific DNA sequences or the study of nucleic acids stereodynamics. Due to the sensitivity of the
luminarosine residue to nuclcaphilic bases, nucleobase protecting groups different than the benzoyl and
isobutyryt groups bad to be used to allow wmplew li with

s hydraxide st ambient lid-phase synthesis of
deoxytuminarosine residue has been achieved and deoxyluminarosine-containing
wete detected as strong fluorescent bands by polylﬂyllmde el electrophoresis analysis, 1% ou“mm

4.5, Ligand Incorporation at C-5 of Pyrimidines.
The reaction of S-chloromercury-2-deoryuridine with methyt acrylate led 1o the synthesis of the

118 and m subsequent
Wea? Following ion and e iy wee t5ca dvaiond
with either - dyl-1 1 uuonde.
N- i ne-2-carbaxylate or the

N-hydroxysuccinimide ester of 4-carboxy-4™meth z.z-bmddm iy lnudenul.ly bipyridine-
labelled oligomers reacted with Ru(bpy)(H:0)y*2 10 yield aligonucleotides covalently atached (0

Ru(bpy);*Z derivasives. 146 These igomucleatides normal hybridization behavior
and ruthenium(TT) has been known to effect light-induced DNA strand s

°
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nr 118
It is generally accepted that RNA hydrolysis, catalyzed by bovine pancreatic ribomudease A,

requires the participation of two imidazole groups located on histidine residues 12 and 119 in the active
site.!602 In this context, Bashkin ef aZ16% proposed the synthesis of ribonuclease mimics by combining
the RNA hydrolysis activity of imidazole with the abllity of oligonucteotides to bind to RNA with
sequeace specificity. The deoxyribonucleoside pnosprmmmme 19 has h:en prepared and
incorporated at one specific location into standard

‘These modified ides are now being ne cvaluaied 2 soisense saolecntes i the
control of gene expression and as potential thetapeutics.
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The synthesis of the aroi phosphoranidite 120 a0
synthetic oligomucleotides has been reported by Jablonski ef al 1518 and others. 1815 These
oligomers were then freacted with di-{V-succinimidyljsuberate and coupled with olkaline
phosphatase.IS18162 The resulting conjugates eﬁaan()y hytmd:md to complemnnnry target sequences

its insertion in
These modified

and retained the full enzymatic activity associate ity. Hybrids were
dotected with a dye precipitation assay at a thu lcvel of 106 ml:culu (zuw M) of target DNA.
Purified carrying two could be reacted with
fluorescein isothiocyanate and used as pnmcls in DNAuqlwnnng ueordm; 10 Brambaugh et aL163

It is 10 be noted that the i during
solid-phase synthesis alsa produced ummnalky]av.cd ah@amen which, n'pun dzpmwrmm, were suitable
for reaction with the acid.164  Following

the were hybnd.\u:d to tacget DNA immobilized on microtiter
plates and were detected with a streptavidin-biotinylated horseradish peroxidase complex.
Ofigomucleotides carrying biotin labels near or at the ead of the sequences were more effective probes
than those cligomers bearing internal biotin labels.164
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In a strategy to investigate protein-] -DNA interactions thson and Benxmclﬂ- described the
synthesis of the 122 from and its integration
at the terminus of two undecaruors. The dcpmlecud oligomers were treated with the cross-linker (N-
g the adduct 123. Oligomers carrying the
phototabile group adjacent to the 3-cnd have semd as primers for template-directed DNA symhsu
with either the Klenow fragment of £. coli DNA polymerase I, bacteriophage T4 DNA polymerase, or
AMV reverse transcriptase. Irradiation of the primer elongation mixture with 302 nm light produced
covalent compleses between DNA aad the polymerases. Crosslinking with AMV reverse transcriptase

was shown to occur predominanty in the "B-subunit*)
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Along similar lines, the i of the idite 122 into
oligomers has been achieved a3 @ means w genm-e DNA dupum biotinylated at lpedﬂ.c locations
and determine the structural activities of
and phage DNA polymerasest6$ It w-ls d:momuuad nm. in the presence of svidin, the
exonucleolytic and polymerase activities of the Klenow fragment required the primer terminus to be at
least ifteen and six base pairs from the biotin-avidin complex, ively. These results
showed that the polymerase and exomuclease sites nl the Klenow thgmem were physically distinct in
sotution and displayed different substrate structural requirements for activil

The insertion of 122 in oligonucleotides also allowed the demmdm of aminoalkylated
oligomers with mansyl or dzmyl chloride.165d  Annealing the fluorescent oligomers with
complementary oligonucleotides generated duplexes exhibiting fluorescence emissions that increased in
intensity upon biading with the Klenow fragment of DNA Polymerasc L By varying the position of the
fluorescent label within the DNA duplexes and observing fluorescenice emissions, strong cozyme-DNA
contact points were i

Brad

and Hnm‘“' duaﬂwd M symb!n! ﬂ[ S-thiocyanato-2'-deaxyuridine and uridine

(124a-b) for the functi of ides without altering Watson-Crick

base-pairing. Modified oligonucleotides resulting from the incorporation of 124a were deprotected

under standard conditions without affecting the S-thiocyanato function. Upon treatment with DTT at

55 °C. the thiocyanato group was reduced to a S -mercapto fumnun which was mcn mned with =nlm-
romide or S-i 1 yield

Suitable for the study of protein-nucleic acid interactions. 85 i must be understood that a variety of

in a different coatext, dodecamers containing 4-thiocyanatothymine residues and the recognition
site d(GATATC) of the endoguciease EwRV or EcoRV methyltransferase were found to
photochemically cross-link o either enzymes.

_w 134 F2 Bsumengu-t

on
1

um.u/' SocHencn

The protected aminoalkylphosphoramidite 125 was syathesized by Meyer et al.167 and applied to
ihe solid-phase synhess of un oligonucentide caring an ineroal 5-(-aminopropylurac residue,
The

oligomer was
The incubation of 126 with &8 wmplememary DNA target generated observable interst
within 48 b at 37 oC. It was cross.linking reaction adbya]kylldonnla

guanine residue of the mmplemmry i Heaung the DNA duplex at 51 oC fesulted in the
depurination of the alkylated guanine residue and scission of the target strand st the depurination
site.16™ In addition, the modified oligonucleotide selectively alkylated the target strand without
random aliylation of non-complementary mucleic acids. This feature is quite attractive for the
applcation o these oligomucleotides s chemotherapeutic ageats.
milarly, Povsic ef al.157 reported the synthesis of the deaxyribonucleoside phnphmlrmd.ue 127
and " incorporation s the S-end of 38 oligomucleotide by solld-phase symthesis. Th and
modified_oligonucleotide was ireated with N-mroxysuccinimidyl bromoacetate 10 yeld the
This oligomer bybridized to adjacent
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PN OGHCHCN

125 128

inverted purine wracts on double-helical DNA by triple-helix formation and alkylated single guanine
esidues on opposite strands t 37 oC (pH 7.4). After depurization, double-sirand cleavage at 2 siogle
site witkin plasmid DNA occurred in yields greater than 85%.15 This methodology may become &
valuable too1 for the sequence-specific cleavage of arge DNA molecales.

To their efforts 10 develop sequencespecific DNA cleaving agents, Dreyer and Dervanisit
reported the synthesis of a DNA hybndluuvn probe carrying an BDTA-functionalized derivative of
ymidine. In dhe presence of Be(T). O and DTT the modifiod probe led 1o i e cleavage of 2
i:ompleme.nuryn &smded DNA: segmem."“ ‘The EDTA-functionlized d

via the ‘outite solid-phase

1280 d\mn;
Spathegaliind " fhe Y bosphoramidiies 128ab were sumlarly inserted in triple-helx. forming
ligodeosyibonuciorides wich mediated the single site-specific cleavage of double-helical DNA in
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The decivasaaton of deoryuridines a C.5 with masked primary aliharic amine groups has also
been exploited by Cruickshank ef all® and Pheic sirategios imvoived the
reaction of a suitably protected S-iododeoyuridine with a N-blocked propargylamine, bis-
(ipheryphosphine)paliadium chloride, and cuprous iodide to yield the corresponding alkyayt

or 13116 Additionally, the alkynyl nucleoside 130 was prepared by reacting the
function of 129 with the p-nitrophenyl ester of

d:prm md

acid and DBU.I® The alkynyl oucleosides 129-131 were converted to mn'upnnd.\%

‘phosphoramidites (132+134) and inserted in oligonucleotides by standard ,oudfm synthesis. 169

Followisg the removal of the phosphate protecting groups, the support liaked oligomers were reated
-butyloaycarboayl

alkylased were

group(s) without extensive depurination.t
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conjugated to fluoresceinl1M and the resulting conjugates were hybridized with complementary
polyadenylaicd mRNASI Probes baviag short Gaker ams (derived from 132) did not bybridise 20
efficiently as the probes carrying larger lnker arms (derived from 133). Farthermore, S'singly lbeled
probes hybridized better thaa the multilabelled ones.1

o

A~

120 Re @'= toluyl; R"= OC! 132 R'e Me; R”s OCMe,
130 - « (CHy)HBoc 133 = Mo - gq,y.hn-u
131 Re DMTY; A= M; A"s CF; 134 = CHCH, CN:  « s

Bocs tert-butylcxycerbonyl

thodology, Spaltcastein er al.i”h p:epmd he deoxyribonucleoside
ghmphoumldhe us- Em the suaqpedﬁ incorporation of a tic probe into a self-
ide. The bulky and e iroride matey & moiety did not induce disruption
of DNA scoondary structures and was sufficiently constrained to permit the correlation of its motion
with that of the carrier DNA. However, the leagth of the alloynyl arm (from the incorporation of 135b)
affected the rotation of the nitroxide mmety about the alkyne axis and should be taken into
when monitoring sequ dent structural features.1”2 These probes may,

nonetheless, be useful in investgations pertaining to the dynamics of umusual DNA structures aod/or

sequences of biological relevance.
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‘The study of macromolecular structures can be performed by X-ray scattering methods both in
solution and in the solid state. The presence of a heavy atom label facilitates the ehacidation of the
geometric and dysamic structure of the molecule. In this context, Sheardy and Seemant? reporied the




LEugg

}
i

Punctionalization of oligonucleotides 1935

synthesis of the idite 136 and its DNA segment
corresponding to ananslogu of strand 2 of the mnbﬂe nucleic - ymmwn n.m To ‘minimize the
lass of iodine, the analogue was completely

ammonium hydroxide ot ambient temperature. T73 i an effoe 16 narzvel the detadled cheaistry of
 recombination, oligonncleotides required for the additional construction and analysis of
immobiletS® and ronomobile DNA junctions have also been synthesized from dearyribonucleaside
phosphommhm derivatives.

The wifluorothymidine pboiphonuud.\le 137 has been synthesized and incorporated with 2
coupling efficlency of ca 94% at defined locations into an oligonucleotide designed to inhibit the
expression of gene sequences encoding serine proteases in T-| tymphocytes.1’ The modified oligomer
d(GAGAT*CT*T"CAT*CT*T*CCCCGG), where T* represents trifluorothymidine, was detected by
19F NMR spectroscopy at a conceatration of 10 »M with a signal to noise ratio of 10:1. 1% Tt has beca
postulated that such limits of detection shuuld be satsfactory for the bn vvo NMR imaging of the
anal

cellular uptake & logue.

46 Ligand Incorporation at C-8 of Purines.
Roduit ef al17? described a differcnt approach for the introduction of an amino linker into

synthetic DNA. The method cnlled the reaction of S-bromodeoryadenosine with & protected

salt The 138 was prepared in scven steps

from 2" ine and was inserted in oli ides with high coupling yields (96-99%). The

purified ami i were.bioti n reacion with cither the N-
is ester of biotin or idobiotin in a neutral buffer.1”
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Using a similar concept, Pieles et al.178 described the attachment of 4,5'8-trimethylpsoralen at C-§
of deaxyadenosine through a sulfur atom and a five carbon atom linker. The modified aucleoside was
comverted to the 139 and i into ides. The hybrid formed
between a modified oligomer and its unmodified complementary strand was exposed to near UV light
(345 om) for S0 min. 1t was shown that the extent of cross-linking in this experiment was greater than

909178 The poteatial biotogical relevance of this in vifro cross-linking experiment should provide the
impetus to define the parameters required for such events to oceur in vivo.

5. FUNCTIONALIZATION OF OLIGONUCLEOTIDES AT THE CARBOHYDRATES

The derivatizati
linkages or at the nndeobasss bas inhereat limitations. me roups aached o these extis
may interfere with base pairing and/or stacking

1956 .1 BaaucAce and R. P. Iver

by incorporating 2-0-modified ribonuclsosides may provide an alternate approach to the muttiple
Iabeling of mucleic acids in the minor groave.

Manoharan e al.1? reported the synthesis of the ribooucleoside phosphoramidite 140 in 21%
overall ield from sdenosine. T synthetc method consised of e prefecsatial 2-O-allylaion of the
nucleaside with an alkyl balide followed by muck and 3

P,
+on” ocHscHCn
140

“The i tion of 140 in olij by solid- hesi: ded within 10-15
min with & coupling efficiency better than 95%. Standard deprotection ylelded 2-O-aminoalkylated
oligonucleotides which, after purification, were reacted with fluoresoein isothiocyanate or with the N-

ocaimide ester of citer bioin, cholc acid, o digoxigeni-5-O-metbylcatbonyt-<-

mnnaprmcaﬂdmlqumlbnﬂmnyﬂ&? This / also led to the
-O-methyl lides. 1™ Tt must be noled

and 2
that the length of the 2-aminoalkylated linker can be selected to facilitate minor groove modification
for biological applications.

‘CONCLUDING REMARKS

Tnasmuch as nucteoside phosphoramidites have had a tremendous impact on the synthesis of
otigonucleotides,! this Report further delineates applications of phosphoramidite derivatives to the
uacranalzation o oligonucedtides lor, in most cass, b:omedlml purposes. The lacorporation of
nucleaside with modified ides has also contributed to 2

better understanding of the dynamics and thermal mtnmy ot DNA duplexes in solution!32181 and their
recogaition by proteins, F uch modified have a3 models in
‘mutagenesis experiments and s inibitors of gene expression by interfering with the transcription of
specific genes or with the translation of specific messenger RNAS. These applications will be addressed
in detail in a future Report.

Acinowledgements: We are indebted to Judith B. Regan for her assistance in drafting and proofreading
the manuseript.
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ABSTRACT

Motivation: Both small interfering RNAs (siRNAs) and anti-
sense oligonucleotides can selectively block gene expression.
Although the two methods rely on different cellular mechan-
isms, these methods share the common property that not all
oligonucleotides (oligos) are equally effective. That is, if MRNA
target sites are picked at random, many of the antisense or
siRNA oligos will not be effective. Algorithms that can reli-
ably predict the efficacy of candidate oligos can greatly reduce
the cost of knockdown experiments, but previous attempts to
predict the efficacy of antisense oligos have had limited suc-
cess. Machine learning has not previously been used to predict
siRNA efficacy.

Results: We develop a genetic programming based predic-
tion system that shows promising results on both antisense
and siRNA efficacy prediction. We train and evaluate our sys-
tem on a previously published database of antisense efficacies
and our own database of siRNA efficacies coliected from the
literature. The best models gave an overall correlation between
predicted and observed efficacy of 0.46 on both antisense and
siRNA data. As a comparison, the best correlations of support
vector machine classifiers trained on the same data were 0.40
and 0.30, respectively.

Availability: The prediction system uses proprietary hardware
and is available for both commercial and strategic academic
collaborations. The siRNA database is available upon request.
Contact: paal.saetrom@interagon.com

INTRODUCTION

Antisense oligonucleotides and RNA interference are the
two technologies that are available for sequence-specific
knockdown of mRNA. Antisense oligonucleotides (ODNs)
typically consist of 15-20 nt that inhibit gene expression
by complementary base-pairing to target mRNA. The resuit
is a simple mechanistic blocking of the ribosome thereby
inhibiting protein translation, or activation of the RNase
H enzyme that subsequently induces cleavage and degrad-
ation of mRNA (Kurreck, 2003). Modern ODNs have been
chemically modified in various ways to increase their potency.

More recently, RNA interference (RNAi)—a natural
biological pathway for mRNA depletion—was discovered:
21-23 nt long double-stranded RNA with characteristic
3’ overhangs is incorporated into a ribonucleoprotein
complex called RNA-induced silencing complex, which
cleaves mRNA with complementarity to its RNA compon-
ent (McManus and Sharp, 2002). The RNA agent is called
short interfering RNA (siRNA).

Scherer and Rossi (2003) reviews the relative strengths and
weaknesses of ODNs and siRNAs as well as catalytically act-
ive classes of oligonucleotides (oligos) for mRNA knockdown
that will not be discussed here.

The question of oligo efficacy arises because not all oligos
are equal; common to both ODNs and siRNAs are that only
a fraction of the oligos are effective in biological assays.
Methods that can predict the efficacy of potential oligos are
important since these would reduce the cost of carrying out
antisense and siRNA knockdown experiments.

There has been some previous work on in silico methods
that predicts oligo efficacy. The work range from con-
sidering thermodynamic properties (Matveeva et al., 2003;
Khvorova et al., 2003; Schwarz et al., 2003}, tousing sequence
motifs (Matveeva et al., 2000) and artificial neural networks
(Giddings et al., 2002; Chalk and Sonnhammer, 2002) for
predicting efficacy. Since the RNAIi pathway is a more recent
discovery, however, most of this work has been done on
ODNis. Here, we bridge the gap by (i) collecting a database of
publicly available siRNA efficacy data and (ii) developing and
evaluating a machine learning method that can predict both
ODN and siRNA efficacy.

Our main contribution is a machine learning system that
predicts ODN and siRNA efficacy and is consistently better
than previously published methods. Furthermore, we present
a uniform analysis of the thermodynamic properties of ODNs
and siRNAs.

METHODS

In the following sections, we will describe the databases
used in our experiments and present the algorithms used in

Bioinformatics vol. 20 issue 17 © Oxford University Press 2004; all rights reserved.
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Production

Semantic Rule

(1) R—{C:p>=N}
2 C—(C)(Cy)

3 C—A
(4) A—>A1 ]Ag
5 A-1L

(6) L —a,forsomeac€ {ac,g,t}

R.hit := C.count > N.cutoff
C.count := C,.count + Cy.count
C.count := A.count
A.count ;= Ay.count + A,.count
A.count := L.count
L.count := match(a)

(7 N —n,forsomen € {1,2,...} N.cutoff:=n

(a)

(b)

Fig. 1. Our genetic programming solution language. (a) Grammar. The grammar is shown in Backus-Naur form, with non-terminals
represented by uppercase letters and terminals represented by boldface letters. Syntactical elements in the language, such as parentheses and
operators, are in normal typeface. Alternatives are represented as separate productions. Adjacent symbols are concatenated, (b) Semantics.
An expression matches a string if R.hit is true. match(a) returns | if a is identical to the character it is compared with, and 0 otherwise.

our classification system. This includes sections on genetic
programming (GP), boosting and boosted GP. We also briefly
discuss the inherent stochastic properties of GP, and describe
how support vector machines (SVMs) can be used to predict
ODN and siRNA efficacy. SVMs are often regarded as state-
of-the-art among the different machine learning methods, and
will be used as a benchmark throughout this work. Finally,
we describe a procedure for estimating the predictive accur-
acy of classifiers, and detail the methods used to compute
oligo thermodynamics.

Databases

A collection of experimentally evaluated siRNAs were col-
lected from different sources (Vickers ef al., 2003; Kawasaki
et al., 2003; Harborth et al., 2003; Holen e al., 2002;
Khvorova et al., 2003). We cross-referenced the siRNAs
with their corresponding GenBank sequences when pos-
sible, and otherwise used the sequences as given in the
articles.

We assigned an efficacy score based on the reported mRNA
or protein knockdown levels to each siRNA. For the human
cyclophilin sequences in Khvorova ef al. (2003), where indi-
vidual efficacies were missing, we assigned 0.05 and 0.75
knockdown to the effective and ineffective sequences. The
efficacy score measures the fraction of mRNA or protein that
remains after the knockdown experiment, Hence, effective
and ineffective siRNAs are assigned low and high effic-
acy scores. The same measure was used in Giddings ef al.
(2000).

For our antisense experiments, we used the set of antisense
sequences collected by Giddings et al. (2000).

We partitioned both the siRNA database and the antisense
database into a set of positive and negative sequences. We
used a cut-off score of 0.5; i.e. the sequences that scored
above the threshold were classified as negative and vice versa.
After duplicates were removed, a total of 101 positive and
103 negative siRNAs, and 125 positive and 186 negative
ODNs remained.

Genetic programming

Genetic programming (Koza, 1992), as the genetic algorithms
of Holland (1975), use evolution in a population of candid-
ate solutions to solve problems. The main difference between
genetic algorithms and GP is that the former operate on a
population of (bit) strings, whereas the GP populations usually
consist of syntax trees in some solution language. The solu-
tion language defines the structure of the possible solutions.
Other solution representations such as linear or graph-based
GP exist (see Banzhaf et al., 1997 for an overview and a good
introduction),

Our GP algorithm is designed to solve two-class classifica-
tion problems where the positive and negative data consists of
strings. It uses subtree swapping crossover, tree generating
mutation and reproduction as generic operators. Individu-
als are chosen for participation in new generations using
tournament selection.

Each individual in the population is a syntax tree in a formal
query language (Interagon AS, 2002, http://www.interagon.
com/pub/whitepapers/IQL.reference-latest.pdf). To ensure
that all individuals are legal expressions, we use a set of
production rules when generating and combining the indivi-
duals, as Montana (1995). These production rules correspond
to the grammar of the query language.

In the experiments described in this paper, only a subset
of the full query language is used. Figure 1 gives a gram-
mar for this subset along with a formal definition of its
semantics.

The semantics can be explained as follows: the numeral N
inthe p >= N part indicates the minimum number of termin-
als in the C-production that must match. This means that if the
fourth production is removed from the language, the expres-
sions search for strings with Hamming distance less than
|C| — N, where |C| is the number of characters in the expres-
sion. For example, the expression {gcggtt : p >= 4} will
match the strings gegart and acgatt, but not acgara and actatt.

Alternatives (production 4) enables, in addition to altem-
ative bases at the same string position, the construction of
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Antisense and siRNA efficacy prediction

expressions where some positions in the string are considered
more important than others. To illustrate this, consider the
expression {gc(glg)gtt : p >= 4}, where (g|g) matches g in
the same string position twice (we will in the following use the
shorthand (g|g) = g, for weighted positions). This expression
now matches the string acgata, but still misses actatt.

Note that if the string is longer than the expression, the
expression reports a match if it matches any of the string’s
possible substrings. Thus, the expression {geggtt : p >= 4}
will match strings aagcaatt and gegegtt, but will miss agcaaatt
and aattgcgg.

The Interagon pattern matching chip (PMC) (Halaas e al.,
2004) is an application specific integrated circuit designed to
provide orders of magnitude higher performance than com-
parable regular expression matchers. In our GP system, we
use the PMC to evaluate the individual expressions in the GP
population, thus reducing the GP system’s total computation
time. This increased performance becomes important when
the datasets are large, or when many GP runs must be done,
as for instance in cross-validation experiments or when GP is
used as the base learner in a boosting algorithm,

Given an oligo sequence, the expressions generated by our
GP system will only be able to answer ‘yes’ or ‘no’ as to
whether the sequence is effective or not. The following section
describes a method that creates classifiers with a more refined
output.

Boosting

Boosting algorithms combine a set of simple rules to form a
single model. The algorithms construct the combined model
so that the performance of the model is increased compared
to each of the single rules. Given a learning algorithm that
generates a set of hypotheses ki, hz,...,hT1, the boosting
algorithms construct a combined hypothesis f on the form

T
foO =Y hix). o)

t=1

a; is the weight of hypothesis h;, and both weights and
hypotheses are learned by the boosting algorithm.

The AdaBoost algorithm, introduced by Freund and
Schapire (1997), was the first step towards practical boost-
ing algorithms. AdaBoost constructs classifiers that maximize
the minimal margin in the training data (Meir and Riitsch,
2003), but as a result, the algorithm does not handle noise
or outliers in the dataset very well. To solve this, regular-
ized boosting algorithms, such as AdaBoostrg (Ritsch et al.,
2001) and v-Arc (Ritsch et al., 2000), have been developed.
Boosting algorithms are related to other large margin classi-
fiers such as SVMs (Vapnik, 1995; Miiller ef al., 2001); for
instance, Ratsch er al. (2002) constructed a boosting algorithm
for detecting outliers from a corresponding support vector
algorithm.

Generally, boosting algorithms works as follows (Meir and
Ritsch, 2003): given a training set S of m examples (x, y),
the algorithms start by assigning weights dj=,.. » to each
element in the set. Then the algorithms iteratively construct
the T hypothesis in (1), so that for each iteration 7 the
algorithms:

(1) Train a basic hypothesis 4, on the weighted data.

(2) Find the hypothesis weight oy, which is found by
minimizing the loss function G(f; + « - 4, S).

(3) Set fry1 = fi +a; - by
(4) Update each data weight so that di('+1)=8/[3f,+1 xi)]
G(fir1, 8,0 € {1,...,|SI}.

See Meir and Ritsch (2003) for further information on the
loss functions used by different boosting algorithms.

Boosted GP

The idea of combining boosting algorithms with GP was first
presented by Iba (1999). Here the training set for the GP
algorithm was constructed by sampling from S, using the
weight distribution D. Paris ef al. (2001) extended this, by
training on the complete set S, and including the data weights
in the fitness function

181
£(h,D,S) =Y di - |h(x:) = yil. @
i=l

The GPboost algorithm presented by Paris ef al. (2001) is
based on AdaBoost, and was used to solve simple benchmark
regression problems without noise. Since GPboost is based on
the AdaBoost algorithm, it is expected that GPboost will have
difficulties on datasets that contain noise and outliers. To alle-
viate this, we propose a regularized algorithm, GPboostreg,
which is based on the AdaBoostr, algorithm of Rétsch et al.
(2001).

Our implementation uses the GP system described in the
Genetic programming section as the base learner, with (2) as
the fitness function. It produces classifiers of the form
given in (1).

Variance in GP

Genetic programming is inherently a stochastic method. Con-
sequently, two separate GP runs are not guaranteed to produce
identical results. This also goes for boosted GP, hence there
will be some variance in the predictions of different GPboost
classifiers. This inherent variance can, however, be used to
create even better classifiers. Hansen and Salamon (1990)
showed that diverse and accurate classifiers can be combined
to produce a more accurate classifier, which also has the added
benefit of a reduced variance compared with the individual
classifiers.

In our experiments, we create combined classifiers by taking
the simple average of the individual classifiers. That is, for a
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set of classifiers fi, f,..
given by

.» fn, the combined classifier F is

1 n
F) =<3 fi(x). (3)
i=1

Support vector machines

The classic SVM algorithm (C-SVM) was introduced by
Vapnik (1995). In our experiments, we compare the perform-
ance of this algorithm and the v-SVM algorithm by Schélkopf
et al. (2000) with the performance of our GP system. Both
SVM algorithms use radial basis functions as kernels. The
implementation used in this study is part of the LIBSVM lib-
rary (available at http://www.csie.ntu.edu.tw/~cjlin/libsvmy/).

While our GP system uses the oligo sequences as input, the
input to the SVMs must be numerical data. In our experiments
we solve this by using three different encodings, where the
first encoding simply transforms the sequences into numer-
ical data by mapping as to 0, ¢s to 0.33, gs to 0.67 and ts to
1. This encoding ensures that the letters are evenly distrib-
uted in the [0, 1] attribute range suggested in the LIBSVM
documentation.

The second encoding uses the relative number of each nuc-
leotide and dinucleotide in the sequence. That is, the input is
a 20-dimensional vector where the first element in the input
is the relative number of as in the sequence, the fifth element
is the relative number of aas, and so forth.

Our third encoding use the relative number of tetramers in
each sequence. We use this representation because Matveeva
et al. (2000) showed that certain tetramers correlate with anti-
sense efficacy. In addition, Giddings et al. (2002) found that
using the relative number of tetramers in the sequence as input
to an artificial neural network classifier gave better results than
using dimers or trimers.

Classifier accuracy

The predictive accuracy (or generalization accuracy) of a clas-
sifier is important, because it gives a measure of how well the
classifier will perform on unseen data. That is, it estimates the
probability that the classifier will correctly predict the class
of unseen data. The classifier accuracy is given by

Tp+ Tn

Acc = B
Tp+ Tn+ Fp+Fn

S

where Tp, Fp, Tn and Fn are the number of true positive, false
positive, true negative and false negative predictions.

A 10-fold cross-validation is known to create a good
estimate of the predictive accuracy of classification meth-
ods (Martin and Hirschberg, 1996). The average of the 10
testing accuracies from the cross-validation procedure estim-
ates the predictive accuracy of a classifier trained on the
original dataset.

In our experiments, we use cross-validation for both accur-
acy and parameter estimation. That is, we do a separate

10-fold cross-validation experiment on each of the 10 training
sets to determine the optimal parameters of the classific-
ation algorithm. This is done to ensure that the training
process—both parameter estimation and model generation—
is completely independent of the test data.

An alternative to using the accuracy as the 10-fold estimate
is to use the Matthews correlation:

_ Tp - Tn—Fp Fn
J/(Tn + En)(Tn + Fp)(Tp + Fn)(Tp + Fp)

Matthews (1975) points out that this correlation measure is
often a more informative quality measure than the accuracy.

The receiver operating characteristic (ROC) is an even more
general quality measure (Hanley and McNeil, 1982). A ROC
curve is a plot of the sensitivity Se versus the specificity Sp
of a given classifier, where

&)

Tn
= d 6
Sp Tnt Fp’ an 6)
T
e=—P 7
Tp+Fn

A ROC curve can be characterized by the area under its curve:
perfect classification gives an area of 1.0, and random classi-
fication gives an area of 0.5. The ROC area or ROC score gives
a good indication of whether one classifier has a higher over-
all performance than another classifier. One can also use sign
tests on the classifiers’s output (Salzberg, 1997) for varying
specificity levels to test whether one classifier is significantly
better on the given specificity level. In this work, we focus
these tests on the high specificity levels, since in practical
applications, users will in most cases only be interested in the
oligos that are highest ranked. That is, they want few false
positives among the highest ranked oligos (on high specificity
levels), and do not care if there are some false negatives among
the oligos of low rank (on low specificity levels).

All the above measures assumes that the examples to be
classified have been characterized as being either positive or
negative sequences. The correlation coefficient R between the
predicted and the observed efficacy is an alternative quality
measure that does not depend on such a characterization. R?
represents the proportion of variation in the observed efficacy
that can be explained by the classifiers. A Student’s z-test gives
the statistical significance of a given correlation.

Oligo thermodynamics

We use the nearest-neighbour model (Xia e al., 1998) to com-
pute the oligo/mRNA duplex stability. The model is used in
several of our custom applications that in addition to the over-
all duplex stability, also compute the oligo 5’ stability and the
difference in oligo 5’ and oligo 3’ stability.

The oligo 5’ stability is computed from the first five nucle-
otides in the oligo (antisense) sequence. When computing the
difference in 5’ and 3’ stability, we compute the stability of
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Antisense and siRNA efficacy prediction

Table 1. The average results from 10 different 10-fold cross-validation experiments using the genetic programming algorithms on the antisense data

Algorithm ROC R P M Se Sp

GP N/A —0.18 £ 0.06 1x 1073 0.15 £ 0.05 0.34 £ 0.05 0.79 £ 0.04
GPboost 0.71 £ 0.01 —0.37 £0.02 2x 1074 0.31+0.03 0.61£0.03 0.70 £ 0.03
GPbo0StReg 0.71 £0.02 —0.38 £0.04 4% 10712 0.29 + 0.05 0.59 & 0.05 0.71 £0.02

R is the correlation and P is its statistical significance. M, Sc and Sp are the Matthews corrclation, scnsitivity and specificity when using the the standard cutoff for the algorithms
(=0 for the boosted GP algorithms). Note that because the standard GP classifiers arc binary, no ROC score is given for this algorithm.

the first four (5') and the last four (3') nucleotides in the oligo
sequence. The difference is given by the 5’ stability minus the
3’ stability, and a negative value means that the 5’ end of the
antisense strand is more stable than the 3’ end.

We use the parameters of Xia er al. (1998) in all our
RNA/RNA nearest-neighbour model computations, except for
the 5’ stability calculations where we use the same parameters
as that of Khvorova et al. (2003). For DNA/RNA interactions,
we use the parameters of Sugimoto et al. (1995).

The Mfold web server of Zuker (2003) is used to compute
the oligo secondary structure stability.

RESULTS AND DISCUSSION

The following sections detail the results from our experiments
at predicting siRNA and antisense efficacy. Furthermore, we
show how different thermodynamic properties correlate with
the observed efficacies sequences, and that effective antisense
and siRNA oligos have different thermodynamic properties.
We also show that the genetic programming classifiers for
the antisense and siRNA oligos differ. Finally, we discuss the
possibilities of using our predictors in the genomewide oligo
design.

Antisense predictions

We analyzed the antisense data using the GP, GPboost and
GPboostreg algorithms, and Table 1 shows the average res-
ults of 10 different 10-fold cross-validation experiments for
these algorithms. The GP solutions were binary classifiers
of the form given in Figure 1 and the boosted GP classifiers
had the form given in (1). Although all three methods have
a significant correlation between the predicted and observed
efficacy, the boosted GP algorithms get better results than the
standard algorithm.

Table 2 compares the accuracy of the three input encodings
for the two SVM algorithms with the accuracy of the GP-based
algorithms. The GP-based algorithms use the average of 10
different models as output (3); i.e. the basic GP models are the
average of 10 binary classifiers of the form given in Figure 1,
and the boosted GP classifiers are the average of 10 classi-
fiers of the form given in (1). ROC curves for the GP-based
algorithms were generated by measuring the sensitivity and
specificity for different thresholds of the average classifiers
(the average GP classifier has 10 different thresholds; the

Table 2. Antisensc results

Algorithm ROC R P M Se Sp
GP 061 —028 52x1077 0224020 035 0.83
GPboost 075 —045 81x107"7 038+£020 064 075

GPboosteg 076  —046 1.7x 107'7 043+0.18 0.66 0.77
v-SVM(seq) 0.54 —0.04 045 0.01+0.14 009 093
C-SVM(seq) 052 -0.01 0.86 0.03£0.13 010 094
v-SVM(I-2) 0.68 —035 56x1071° 028+0.15 045 082
C-SVM(1-2) 0.67 —037 16x107"" 0.16+£024 026 0.89
v-SVM(4) 066 —031 28x10"% 023£017 050 072
C-SVM(4) 069 —040 22x10°1 026+0.13 036 085

Sce Table 1 for tabic header cxplanations.

Relative True Positives

0 02 04 06 08 1

Relative False Positives

Fig. 2. ROC graphs for the GPboostgeg, and best SVM classifiers
on the antisense data. The GPboostreg algorithm has the highest
sensitivity for almost all specificity levels.

average boosted GP classifiers have more). This table shows
that the two boosting algorithms have the best overall results
in terms of ROC score and correlation. They also get the best
Matthews correlation. Figure 2 shows the ROC graphs for the
GPboostg.g algorithm and the input-encodings to the v-SVM
and C-SVM algorithms that have the highest ROC-score. To
test whether the GPboostreg algorithm had a significant better
performance than the other two classifiers, we used a sign test
(Salzberg, 1997) on specificities 0.95, 0.9, 0.8 and 0.6 (for a
motivation see Classifier Accuracy section). The GPboostreg
algorithm was significantly better (P < 0.05) than the v-SVM
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Table 3. The average results of 10 different runs of the genetic programming based algorithms on the siRNA data

Algorithm

ROC R P

M Se Sp

GP N/A —0.19 £ 0.05 7% 1073 0.16 £ 0.05 0.47 £0.05 0.68 +0.05
GPboost 0.65 +£0.03 —0.31 £0.03 6 % 10°¢ 0.21+0.07 0.58 £ 0.04 0.63 £ 0.06
GPboOstReg 0.67 +£0.03 —0.33+£0.05 1 x 1076 0.22 £0.08 0.59 £ 0.04 0.63 + 0.05
Scc Table i for table header cxplanations.
algorithm on specificities 0.95 and 0.9, and significantly better ~ Table 4. siRNA results
than the C-SVM algorithm on specificities 0.9 and 0.8.

Another point worth Fonsxdermg is Fhatusmg 3) t‘o combmp Algorithm ROC R P M Se  Sp
several GP-based classifiers do result in better classifiers. This
is evident from comparing thle resglts in Tables 1 anq 2:the 4 062 —027 94x10-5 0194009 045 073
results for the GP-based classifiers in Table 2 are consistently GPboost 070 —042 40x10°1° 027+0.18 0.56 0.70
better than the corresponding results in Table 1; the GP-based ~ GPboostrey 072 —0.46 4.5x 107! 0244024 050 073
classifiers in Table 2 use the algorithm from (3). "C'SSYITA((“‘*)) gé; ‘g-gg 8‘7‘2 g'gz i 8'3(3) g-;g g'gg

. . . - scq . —=0. . X .. . .

Giddings et al. (2002) observed that using thF: complete sSVM(I-2) 070 —021 26x 107 0314£019 061 068
tetramer vector gave poor results. To reduce the risk of over- C-SVM(1-2) 064 —030 13x105 026+0.14 045 0.80
fitting, they went on to consider only the 40 most significant V-SVM(4) 062 —0.14 0.046 0254016 049 0.73
tetramers in the dataset. However, the cross-validationproced- ~ C-SVM@) 065 030 13x1075 0.19£020 035 082

ure does not remain independent when the complete dataset
is used to select the input. Consequently, one would expect
that the cross-validation accuracy estimate becomes positively
biased; i.c. the estimates are better than they would be if tested
on a truly independent test set. Indeed, when subsequently
testing their classifiers on an independent test set, Giddings
et al. found that the accuracy was lower than the reported
10-fold cross-validation accuracy.

To test this hypothesis of a possible bias, we did an exper-
iment where we first estimated the 10-fold cross-validation
accuracy using the 40 most significant tetramers in the global
dataset, as measured by the Mathews correlation coeffi-
cient (5). This is analogous to the experiments of Giddings
et al. (2000). We then did a 10-fold cross-validation experi-
ment where we used the 40 most significant tetramers in each
local training set as input to the SVM classifiers. When we
compared the results of these two experiments, we found that
although the local top 40 estimates gave results similar to using
the complete tetramer input, the global top 40 estimate gave
much higher accuracy estimates (ROC score, correlation and
Matthews correlation of 0.77, —0.47 and 0.39). Hence, using
the 40 most significant tetramers in the dataset does give a
biased estimate of the classifier accuracy.

siRNA predictions

We did the same analysis on the siRNA data as we did
on the antisense data. Table 3 shows the average results
of 10 different runs of the GP, GPboost and GPboostgeg
algorithms (please confer the relevant Methods sections and
the comments to Tables 1 and 2 for details on the different
GP classifiers). The results are similar to the antisense results
(confer Table 1).

Scc Table | for table header explanations,

w
(3]
2
7
o
[
2
=
(3]
2
=]
=
&) 0.2 ;t—'" ¢ GPboostge, —
e v-SVM(1-2) ----~
! C-S\IIM(4) -------

0 I
0 02 04 06 08 1

Relative False Positives

Fig.3. ROC graphs for the GPboostg.g, and best SVM classifiers on
the siRNA data.

Table 4 summarizes the performance of the SVM algorithms
and GP-based algorithms. Just as in the antisense analysis, the
GP-based algorithms use the average of 10 different models
as the final output. We also used the same input to the SVM
algorithms here as previously. The two boosting algorithms
achieve the best overall results in terms of ROC score and
correlation, which was also the case for the antisense experi-
ments. But in terms of the Matthews correlation, the v-SVM
classifiers that use the nucleotide and dinucleotide percent-
age input are now the highest. Figure 3 shows the ROC
graphs for the GPboostgeg algorithm and the input-encodings
to the v-SVM and C-SVM algorithms that have the highest
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Antisense and siRNA efficacy prediction

Table 5. The correlation of structural features with siRNA and antisense efficacy (sce Methods section for details on thermodynamic computations)

Structural featurc siRNA scquences

Antisense sequences

oligos R P oligos R P

oligo 5’ stability 204 -0.21 2.6 x 1073 311 0.11 0.053
oligo 5’ — oligo 3’ stability 204 -0.28 5.0 x 1073 31 0.051 0.37
AG3; oligo 2D structure 203 ~0.26 1.8 x 1074 302 -0.10 0.083
AG3;, oligoftarget duplex 204 -0.14 0.046 311 0.20 3.9 % 10~*
Oligos with oligo/target duplex stability AG3; < =30 kcal/mol

AG3, oligo 2D structure 176 -0.28 1.7 %1074 84 —0.44 2.8 %1073

AGj3y oligoftarget duplex 177 -0.23 2.1 x 1073 89 —-0.011 0.92
Oligos with oligo/target duplex stability AG35 > ~30 kcal/mol

AG3, oligo 2D structure 27 -0.35 0.073 218 0.055 042

AG3 oligo/target duplex 27 —0.26 0.19 222 0.37 13 x 1078

Significant correlations R (P = 0.05) are marked in boldface.

ROC score. A sign test on specificities 0.95, 0.9, 0.8 and 0.6
showed that the GPboostgg, algorithm was significantly better
(P < 0.0S) than the v-SVM algorithm on specificities 0.95
and 0.9, and significantly better than the C-SVM algorithm
on specificity 0.95.

As a final note, comparing Tables 3 and 4 again shows
that combining several GP-based classifiers results in better
classifiers.

Structural feature predictions

Several researchers have pointed at correlations between
different structural features of an oligo and its efficacy. For
antisense oligos, Matveeva ef al. (2003) have identified a sig-
nificant correlation between the antisense efficacy and the free
energy AG3; in the antisense and RNA target duplex form-
ation. They also found a significant correlation between the
antisense efficacy and the free energy in the predicted anti-
sense secondary structure. Finally, they found that oligos that
form less stable duplexes with target RNA depend more on
high duplex stability to be effective. Conversely, ODNs that
form highly stable duplexes depend on smaller seif-interaction
potentials to be effective.

For siRNA oligos, Khvorova ef al. (2003) found that the 5’
antisense region is significantly less stable in effective siRNAs
than in ineffective sSIRNAs. Moreover, they observed differ-
ent patterns in the internal stability profile for effective and
ineffective siRNAs. At the same time, Schwarz ef al. (2003)
found that the 5’ antisense region was less stable than the 5’
sense region in functional siRNAs.,

We tested these different structural features on both the
antisense and siRNA data sets. Table 5 lists the correlation
between each structural feature and the antisense and siRNA
efficacy as well as its statistical significance. The details on
the different thermodynamic computations are given in the
Methods section.

Table 5 shows that siRNA and antisense oligos share some
physical characteristics: both become less active when the
self-interaction potential of an oligo is large. However, this
seems to be the only common feature. The antisense and
siRNA oligos seem to have complete opposite characteristics,
both regarding 5’ and overall duplex stability. To determine
whether the opposite characteristics could be explained by the
differences in oligo length for the antisense data, we did a sep-
arate analysis on the antisense sequences of length 20 in the
database (178 out of 311 sequences). But this analysis gave the
same overall results as reported in Table 5 (data not shown).

In addition, we investigated the relationship between duplex
stability and self interaction potential, found by Matveeva
et al. (2003). Table 5 support these results, since it shows
that the efficacy of antisense oligos that are more stable
(AG3; < —30) is negatively correlated with the free energy
in the predicted secondary structure of oligos. Likewise, the
efficacy of less stable oligos (AG3; > —30) is positively
correlated to the free energy in the oligo/mRNA duplex. We
found a similar trend in the smaller set of antisense sequences
of length 20. For the more stable duplexes, the P-values were
0.75 for the duplex stability and 0.085 for the self-interaction
potential; for the less stable duplexes, the corresponding
P-values were 2.4 x 1075 and 0.83. We did not, however,
find a similar trend in the siRNA sequences.

We note that a possible extension to the method presented
here is to try to combine our sequence-based, boosted GP
predictors with the thermodynamic characteristics. This is,
however, left as an extension for further work.

Antisense and siRNA classifiers differ

As the analysis in the previous chapter showed, effective anti-
sense and siRNA oligos have very different thermodynamic
characteristics. To determine whether this difference also was
reflected in the classifiers produced by our algorithm, we
examined the binary classifiers created by the standard GP
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Table 6. Examples of GP classificrs generated on the antisense and siRNA
databasc

Data Classifier Example matches

ODNs  {c(gglaslca)(gqlazlcs)(g3lazlcs)
(aglca)tc : p >= 25}

{gect(ey{ty)et(ay ity et (tz Y eqlty)
(eslt))(cslty) : p >=13)

.ceea.., .geea.., .acea.., .cgea..

siRNAs  {geet(cyity)ct(ar ity det{ta)ealt)) ... a.teee, ....c.....tccc

The cxample matches list some of the Ieast complex subsequences matched by the corres-
ponding expression (. represcnts any letter). Thus, we have not listed matches involving
the characters that have the least weight, as for instance cccaate for the ODN expression
or gectectacttt.. for the sSiRNA cxpression. These longer matches are more likely to be
specific to the training set than to represent general characteristics of ODNs or siRNAs.
Note that the cxpressions use the subscript operator to denote the weight of each letter
in alternatives (sec production 4 in Fig. 1 and the accompanying examples in the text).

algorithm (Fig. 1). Because of the complexity of the boosted
GP classifiers [these classifiers are a weighted combination of
the basic expressions—see (1)), a detailed analysis of these
classifiers was not done.

Table 6 shows two typical examples of the expressions gen-
erated on the antisense and siRNA data, along with some of the
subsequences matched by each expression. The two expres-
sions illustrate the main difference between the antisense and
siRNA expressions: the subsequences matched by the anti-
sense expressions are shorter than the subsequences matched
by the siRNA expressions. Indeed, in an experiment where we
greatly increased the number of generations that the GP sys-
tem was run, the length of the subsequences matched by the
siRNA expressions increased to 19. This equals the length of
the siRNA oligos. The length of the subsequences matched by
the antisense expressions, however, remained the same (data
not shown).

This difference in motif length between the antisense and
siRNA expressions suggests that for effective siRNAs, the
base composition at different positions in the oligo is import-
ant. This dependence on base composition is also refiected in
the 5" and 3’ thermodynamics of the siRNA oligos ( Table 5).
For effective antisense oligos, on the other hand, the occurence
of specific, short motifs is important. This was also observed
by Matveeva et al. (2000).

Genomewide oligo design

One of the important questions in genomewide oligo design is
the tradeoff between oligo efficacy and oligo uniqueness. That
is, for each gene in a genome one would like to have at least
one oligo that is sufficiently unique so that it does not target
any other genes, and has a high probability of being effective.
As not all oligos predicted to be effective will be effective,
one will need a set of candidate oligos for each gene.

To test how many potential candidate oligos our boosted GP
classifiers predict to be effective, we downloaded 10 human
mRNAs at random from the NCBI RefSeq database. We then

tested all candidate 19mer oligos on the antisense and siRNA
efficacy predictors, and counted the number of oligos where
the predictor output were above a threshold corresponding to
90% specificity. This resulted in that on average 22% of the
candididate siRNAs and 16% of the candidate antisense oligos
for each mRNA were predicted to be effective. The SD in both
cases were 4%. .

We also determined the number of candidate oligos that
were unique in the human transcriptome. To do this we com-
puted the Hamming distance between each candidate oligo
and every 19mer in the Ensembl cDNA database, NCBI build
34. Oligos that had a Hamming distance greater than two to all
other 19mers in the database were considered unique. The rel-
ative number of unique oligos for each mRNA varied between
0.5 and 55%, with an average of 24%.

Each mRNA had, however, candidate oligos that were
both unique and predicted to be effective, both in RNAi
and antisense experiments. The number ranged from one
candidate to 11% of all possible oligos. The number of can-
didate oligos can be increased by decreasing the specificity
threshold, but as the result of the uniqueness screening shows,
the limiting factor on the number of candidate oligos is the
uniqueness screening. One should expect that this would also
be the case for true, genomewide oligo design.

CONCLUSION

We have developed a GP-based machine learning system that
successfully predicts the efficacy of oligos used in antisense
and siRNA experiments. The system is consistently better
than both SVMs and physical property-based classifiers at
predicting the efficacy of both antisense and siRNA oligos.

We have also showed that siRNA and antisense sequences
do not seem to share the same physical characteristics. The
only common feature is a sensitivity to a high self-interaction
potential of the oligo. That is, oligos that form more stable
secondary structures are less likely to be effective when used
in both antisense and RNAi experiments.

Antisense and RNAI are very different technologies, and, as
shown here, antisense and siRNA oligos have very different
physical characteristics. Despite this, our novel, sequence-
based machine learning system can sucessfully predict the
efficacy of both antisense and siRNA oligos. This suggests
that the oligo efficacy for both technologies is in a large part
determined by the oligo sequence itself.
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REVIEW

ANTISENSE OLIGONUCLEOTIDES: A NEW TOOL IN
NEUROSCIENCE

Paul M. Pilowsky, Satoshi Suzuki and Jane B. Minson

Department of Medicine and Centre for Neuroscience, Flinders Medical Centre,
Flinders University of South Australia, Bedford Park, South Australia, Australia

SUMMARY

1. Recent studies have shown that gene expression can be selectively attenuated by adminis-
tration of short sequences of nucleotides (oligonucleotides) that are complementary to a portion of
messenger RNA coding for a particular gene product.

2. This technique is known as ANTISENSE, because the oligonucleotides are complementary
to the mRNA which has the same sequence as the SENSE strand of DNA.

3. In the present review we focus, after a brief discussion of gene expression and mechanisms of
action of ANTISENSE, on the methodological aspects of ANTISENSE experiments in neuroscience.
In particular, we address the advantages, disadvantages and controls for the ANTISENSE technique,
as well as the choice, design, mode of delivery, dose and storage of ANTISENSE oligonucleotides.

Key words: antisense, Fos, gene, nervous system, oligonucleotides, phosphorothioate.

INTRODUCTION

Recent developments in molecular biology are revo-
lutionizing our approach to the study of the nervous
system. Transgenic animals (Mullins ez al. 1990), site-
directed mutagenesis (Kuhse et al. 1990), in situ
hybridization (Foster et al. 1992) and the use of
antisense oligonucleotides (ANTISENSE) to block
gene expression (Caceres & Kosik 1990; Listerud et
al. 1991; Harrison 1993; Wahlestedt et al. 1993a,b) are
a few examples of the techniques now available to the
modern physiologist and neuroscientist. The most
accessible of these developments, and the topic of this
review, is ANTISENSE technology: a method that
allows the expression of many genes, whose sequence

Correspondence: Dr Paul Pilowsky, Department of Med-
icine, Flinders Medical Centre, Bedford Park, SA 5042,
Australia,

Received 29 March 1994; revision 22 June 1994; accepted
24 June 1994,

is known, to be attenuated. Even for those of us
whose molecular education stopped with the Hardy-
Weinberg equation and recessive genes, ANTISENSE
technology is a powerful molecular technique that is
simple to grasp and easy to use. In this review we will
first provide a brief background about gene expression,
and then discuss the use of ANTISENSE technology
in physiological studies of the nervous system
(McCarthy er al. 1993a; Wahlestedt 1994). Many
excellent reviews on the use of ANTISENSE in other
areas are available elsewhere (Dolnick 1990; Cazenave
& Héléne 1991; Mirabelli et al. 1991; Crooke 1993;
Milligan et al. 1993; Neckers & Whitesell 1993; Stein
& Cheng 1993). The use of ANTISENSE oligonucleo-
tides in other situations such as in situ hybridization is
not addressed here.

NORMAL GENE EXPRESSION

The process of normal gene expression is illustrated in
Fig. 1. A gene is a specific sequence of bases. Four
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A Adenine

AMPA a-amino-3-hydroxy-5-
methylisoxazolepropionic acid

AT Angiotensin

ANTISENSE Antisense oligonucleotides

CSF Cerebrospinal fluid

C Cytosine

DNA Deoxyribonucleic acid

GABA y-aminobutyric acid

G Guanine
hnRNA Heterologous nuclear RNA

HPLC High Performance Liquid Chromatography
LTP Long-term potentiation

mRNA Messenger RNA

NMDA N-methyl-p-aspartate

NPY Neuropeptide Y

AChR Nicotinic acetylcholine receptor
RNaseH Ribonuclease H

RNA Ribonucleic acid

SENSE Sense oligonucleotides

T Thymine

U Uracil

bases are present in DNA: Adenine (A), thymine (T),
guanine (G) and cytosine (C). Any of the bases can be
covalently bound to each other to form a strand of
any length using any combination of bases. In addition,
two strands can hybridize into a double-stranded
form, where base A can form weak bonds with base T,
while base G can form weak bonds with base C,
resulting in A-T or G—C ‘Watson-Crick’ (Watson &
Crick 1953) base pairs. The weak Watson-Crick base-
pair bonds allow DNA to form hybrids in the nucleus
with complementary strands of DNA. The strength
with which two strands of DNA or RNA will form a
hybrid is determined mainly by the length of the
strands and the degree of complementarity of the two
strands. A mismatch of even one base will result in a
change in affinity of about 500-fold in short lengths of
DNA (Crooke 1993). When a gene is expressed, an
RNA copy of the strand of DNA containing the code
for that gene is transcribed. As DNA is double
stranded, one strand provides the genetic code or
SENSE strand, while the other side provides the
complementary ANTISENSE strand. Therefore, RNA
is copied from, and complementary to, the ANTI-
SENSE strand and thus has the same sequence as the
SENSE DNA strand, except that in RNA the base
uracil (U) takes the place of base T. Not all of the
DNA in a gene codes for protein; coding segments are
called exons (expressed portions), non-coding seg-
ments between exons are called introns (Gilbert 1978).
Non-coding DNA between genes may be involved in
regulatory functions. After transcription, SENSE

RNA is known as heterologous nuclear RNA.
(hnRNA), It undergoes a series of enzymatic reactions-

that remove the introns and add a cap (Shatkin 1976)
and a long tail of adenine bases (a poly-A tail; Lim &
Canellakis 1970; Proudfoot & Brownlee 1976). Strands
of RNA with introns removed and poly-A tails are
known as messenger RNA (mRNA). Variations in
splicing of hnRNA usually result in different protein

products from the same gene (e.g. calcitonin and
calcitonin gene related peptide; Amara et al. 1982),
mRNA is then bound to ribosomes and proteins are
‘translated’. Each triplet of bases (codon) in the mRNA
codes for one amino acid. The first codon translated
in every mRNA is AUG which codes for methionine
(Baralle & Brownlee 1978; Kozak 1986). This sequence
is known as the ‘initiation codon’, and is a common
target for ANTISENSE technology.

BLOCKING GENE EXPRESSION WITH
ANTISENSE OLIGONUCLEOTIDES

The principle underlying ANTISENSE technology is
illustrated in Fig. 1. The aim of ANTISENSE tech-
nology is to interfere with gene expression by pre-
venting the translation of proteins from mRNA. This
is achieved by using ANTISENSE oligonucleotides.
The simplest ANTISENSE oligonucleotide is a short
(around 15 bases) sequence of deoxynucleotides that
have a sequence complementary to a portion of the
mRNA that is being targeted. The ANTISENSE
oligonucleotide then hybridizes with the mRNA and
prevents it from being translated into protein (Fig. 1).
The mechanism of action of ANTISENSE oligonucleo-
tides described above is termed translational arrest.
Another mechanism that may be equally or more
important is destruction of ANTISENSE-mRNA
hybrids by the enzyme RNase H (Fig. 1) (Cazenave &
Héléne 1991; Crooke 1993; Ramanathan et al. 1993).

Other mechanisms for ANTISENSE to attenuate
gene expression are also possible, but their relative
importance has not been established. If the ANTI-
SENSE oligonucleotide is designed to hybridize at a
splice (intron—exon)junction it.could affect the process
that converts hnRNA into mRNA (Smith et al. 1986).
Another mechanism would be to hybridize with DNA
in the nucleus and block transcription. These other
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Fig. 1. A schematic representation of the process of normal gene expression and of two possible mechanisms by which
ANTISENSE oligonucleotides might attenuate translation of protein from mRNA. DNA has two strands; a SENSE strand
and an ANTISENSE strand. The two strands are complementary. Messenger RNA is copied from the ANTISENSE strand,
so that its sequence is the same as the corresponding SENSE sequence of the DNA (except for conversion of base T in DNA
to base U in RNA). ANTISENSE oligonucleotides have the same sequence as a portion of the ANTISENSE strand of DNA,
so that they bind to the messenger RNA preventing its translation by ribosomes (TRANSLATIONAL ARREST).
Alternatively, hybrids of ANTISENSE and mRNA might be more rapidly degraded in the cytoplasm by the enzyme RNase H
(RNase H MECHANISM).

mechanisms are reviewed elsewhere (van der Krol et
al. 1988; Cazenave & Héiéne 1991; Crooke 1993;
Ramanathan et al. 1993).

In fact, ANTISENSE sequences can be RNA as
well as DNA (van der Krol et al. 1988) and by using
various molecular biological techniques it is even
possible to insert a gene into cells whose product is an
ANTISENSE mRNA that will turn off another gene.
This method of producing ANTISENSE sequences
was the first demonstration of its use to block gene
expression (Izant & Weintraub 1984, 1985). Regulation
of gene expression by ANTISENSE RNA is used
physiologically by some prokaryotic cells such as

bacteria (Green ef al. 1986) and it was the observation
of this phenomenon that triggered experiments into
the use of ANTISENSE oligonucleotides to intervene
experimentally (and ultimately therapeutically) with
gene expression.

DESIGN OF ANTISENSE

Since the first experiments into the use of ANTI-
SENSE oligonucieotides much experience has been
acquired about the optimal characteristics needed. A
major problem that must be overcome for in vivo
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experiments is the stability of the oligonucleotides,

Conventional wisdom has it that unmodified DNA -

strands are rapidly degraded by various enzymes.
They are therefore not easily accumulated in high
concentrations in cells and cannot block mRNA trans-
lation. Despite this, unmodified ANTISENSE oligo-
nucleotides have been used to good effect in an in vivo
study on the neuropeptide Y-Y1 (Wahlestedt et al.
1993b) and N-methyl-p-aspartate (NMDA)-R1 (Wahl-
estedt et al. 1993a) receptor genes. In other studies the
oligonucleotides have been modified in order to
prevent degradation and yet retain biological activity.
Various techniques are available, the most popular of
which is to construct the oligonucleotides with a
phosphorothioate (or phosphothioate) ‘backbone’.
ANTISENSE oligonucleotides prepared in this way
are much more resistant to cellular nucleases (van der
Krol et al. 1988; Cazenave & Héléne 1991; Milligan et
al. 1993). Other modifications include chemical changes
to the 3’ end (van der Krol er al. 1988; Khan &
Coulson 1993; Tang et al. 1993) or biotinylation of the
3’ end followed by conjugation with avidin (Boado
& Pardridge 1992). Another method is lipofection,
where the ANTISENSE oligonucleotides are packaged
inside a lipid “Trojan Horse’ that is taken into the cell
while protected from nuclease enzymes (Thierry et al.
1993). This method has been used in several studies in
the central nervous system (McCarthy ez al. 1993b,
1994; Ogawa et al. 1994). Attachment of ANTISENSE
oligonucleotides to substances such as acridine or
glycoproteins that can bind to cell membranes may
also improve uptake (Stein ez al. 1988; Bonlfils et al.
1992; Budker et al. 1992). Clearly, the design (Burger
1993) and delivery (Barry et al. 1993) of ANTISENSE
oligonucleotide probes is in its infancy, and a close
monitoring of developments over the next few years
will be well repaid.

CHOICE OF ANTISENSE

Having decided that you want to do an experiment
using ANTISENSE oligonucleotides the next step is
to decide which part of the gene sequence to target,
and how long it ought to be. A number of factors are
important. The easiest way is to use the same sequence
that someone else has had success with. If this is not
possible then you will have to design the oligonucleo-
tide yourself. At this stage assistance from a ‘card-
carrying’ molecular biologist can be useful. Simple
problems to avoid include choosing a sequence that is
common to more than one gene. It has been estimated
that the human genome contains 100000 genes, and
that to avoid the possibility of coincidental hybridiz-

ation an.oligonucleotide probe should be at least 15
bases long (Cazenave & Héléne 1991). Coincidentally,
this is also an optimal size for uptake into cells.
Remember that you pay for each additional base!
Such calculations would be fine if genes were random
collections of bases. Unfortunately, genes often come
in families (Hollenberg 1991) and it is important to
choose an ANTISENSE sequence that is appropriate
to your experiment. Thus, if you wish to knock out an
entire family of genes you might choose to make an
ANTISENSE oligonucleotide directed against a se-
quence that was common to all members of that
family (Holopainen & Wojcik 1992). Alternatively, if
you wanted to examine a single gene in a family you
would have to be careful to choose a part of the gene
that is unique. Another problem to be wary of is the
possibility that the ANTISENSE oligonucleotides will
self-hybridize. Self-hybridization can occur when parts
of the oligonucleotide are complementary to other
parts of the oligonucleotide.

A common strategy in ANTISENSE oligonucleotide
design is to target the region around the AUG initiation
codon (van der Krol et al. 1988). Many of the success-
ful experiments with ANTISENSE oligonucleotides
published to date have used this approach (Fagarasan
et al. 1990; Listerud et al. 1991; Chiasson ez al. 1992;
Gyurko et al. 1993; Heilig et al. 1993; Lucas et al.
1993; McCarthy et al. 1993b; Wahlestedt ez al. 1993a,b;
Zhang & Creese 1993; Suzuki et al. 1994).

DELIVERY OF ANTISENSE
OLIGONUCLEOTIDES

For neuroscience experiments there are several
options. Administration may be by any of the standard
methods that have been devised for delivery of neuro-
pharmacological agents. The possibility of delivering
ANTISENSE oligonucleotides by microdialysis has
not been assessed. Intracerebroventricular injection
(Whitesell et al. 1993) and injection directly into brain
tissue (Chiasson et al. 1992; McCarthy er al. 1993b;
Akabayashi et al. 1994; Suzuki ef al. 1994) have been
used. In addition to the mode of delivery, the duration
of administration is also important. In vitro studies
have shown that phosphorothioated oligonucleotides
are taken up by cells and retained at high concen-
trations. The intracellular oligonucleotide concentra-
tion reaches a maximum after 2—-16h in most cases.
Uptake of oligonucleotides into cells, and possible
mechanisms involved, have been investigated in many
recent studies, (Stein et al, 1988; Loke et al. 1989
Yakubov et al. 1989; Shoji ez al. 1991; Bonfils ez al.
1992; Budker et al, 1992; Iversen et al. 1992; Barry et
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al. 1993; Burger 1993). If the gene being examined has
a low basal expression, and turns over rapidly, then
one injection 6—8 h (Heilig er al. 1993; Suzuki et al.
1994) prior to study may be sufficient. On the other
hand, if the basal expression is high and the turnover
low, then longer pre-treatments may be required
(Ramanathan et al. 1993). Experience to date suggests
that 2 to 3 days are needed to have a substantial effect
on receptors (Wahlestedt et al. 1993a,b; Zhang &
Creese 1993). Unmodified oligonucleotides will survive
in cerebrospinal fluid (CSF) in vitro for 24 h, but in in
vivo studies, degradation as well as clearance from
CSF should be considered (Whitesell et al. 1993).
Empirically, injections twice daily seem to work well
and may be necessary (Wahlestedt er al. 1993a,b).
This dosing regimen also appears to be necessary for
phosphorothioated ANTISENSE oligonucleotides
(Campbell ez al. 1990; Weiss et al. 1993; Whitesell et
al. 1993). This is usually done by repeated intra-
cerebroventricular injection. An alternative is to use
osmotic mini-pumps (ALZET corporation). Mini-
pumps can be loaded with ANTISENSE oligonucleo-
tides enabling a continuous infusion for at least 7 days
(Whitesell et al. 1993; Zhang & Creese 1993).

DOSE OF ANTISENSE

As with any pharmacological experiment, the best
dose must be worked out by trial and error. Remem-
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ber, too high a dose may be toxic (Krieg & Hawkins
1991). Dosages that have been used in recent experi-
ments are listed in Tables 1 and 2,

CONTROLS FOR ANTISENSE

ANTISENSE in high concentrations can display
toxicity or have non-specific effects. It is therefore
important, as in any physiological experiment, to
have the appropriate controls (Krieg & Hawkins 1991).
One possible solution is to use a SENSE oligonucleo-
tide as the control. A SENSE oligonucleotide is the
same length as an ANTISENSE oligonucleotide, but
has the same sequence as the homologous segment of
mRNA and therefore cannot bind to it. One major
potential risk with this strategy is that the SENSE
oligonucleotide might have a very different base
composition to the ANTISENSE oligonucleotide,
resulting in different intracellular base concentrations
when the oligonucleotides are degraded. Since different
bases might cause different metabolic effects it is
important to be aware of this possibility. For example,
the ANTISENSE oligonucleotide might have a se-
quence S-TTCCCTTCTCTCTTC-3' while the corres-
ponding SENSE oligonucleotide has the sequence 3'-
AAGGGAAGAGAGAAG-5". It may therefore be
better to use a jumbled sequence that has the same
base composition as the ANTISENSE oligonucleotide
such as -CTCCTTCCTCTCTTT-3". Alternatively, a

Table 1. Dosages of ANTISENSE in recent experiments using direct tissue micro-injection

Dose Target gene

Site of injection Reference

2 nmol (2 pl of 1 mmol/L) c-fos Striatum Chiasson et al. 1992
0.2 nmol (0.2 ul of 1 mmol/L)  c-fos Rostral ventral medulla oblongata* Suzuki ef al. 1994

5 nmol (1 ul of § mmol/L) c-fos Nucleus accumbens Heilig e al. 1993
0.05—0.1 nmol (in 0.5 ul Glutamic acid Hypothalamus McCarthy et al. 1994
sesame oil) decarboxylase

0.45 nmol (0.3 pl of 1.5 mmol/L; Neuropeptide Y Hypothalamus Akabayashi et al. 1994
1 injection/day for 4 days

0.07 nmol (1 gl of 0.07 mmol/L) Progesterone receptor Hypothalamus Pollio et al. 1993

*Further discussion in text and Fig. 2.

Table 2. Dosages of ANTISENSE in recent experiments using intracerebroventricular injection

Dose Frequency

Gene Target Reference

Injection
11 nmol/dose
15 nmol/dose
11 nmol/dose
2.5 nmol/dose

3 injections, 12 hrly
4 injections, 12 hrly
4 injections, 12 hrly
Twice daily, up to 7 days

Angiotensinogen
NMDA-R! receptor
NPY-Y1 receptor
Dopamine D2 receptor

Gyurko et al. 1993
Wahlestedt er al. 1993a
Wabhlestedt ez al. 1993b
Weiss et al. 1993

Continuous infusion by osmotic mini-pump

39 nmol/24 gL per day for 3 days Dopamine D2 receptor Zhang & Creese 1993
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sequence with only a few mismatches may be used
(Erlinge et al. 1993; Wahlestedt 1994). A mismatch of
only one base will cause a decrease in hybridization
efficiency of around 500-fold (Crooke 1993). Sequences
containing four consecutive G bases may be more
toxic than other sequences (Yaswen et al. 1993).
Workers should be aware that newly created sequences
may hybridize to unintended mRNA. To some extent,
this can be prevented by checking control sequences
on gene data bases, but because only about 1% of the
genome has been sequenced, some risk will remain.
Finally, it is essential to examine in some way the
protein product of the gene to see if the ANTISENSE
has been effective. Several methods have been used to
do this, including receptor binding assays (Wahlestedt
et al. 1993a,b; Zhang & Creese 1993), receptor activity
assays (Wahlestedt et al. 1993a), immunocytochemistry
(Chiasson et al. 1992, Ogawa et al. 1994; Skutella et
al. 1994; Suzuki et al. 1994), and radlolmmunoassay
{Akabayashi et al. 1994),

OBTAINING ANTISENSE
OLIGONUCLEOTIDES

Several local and international companies provide an
oligonucleotide synthesizing service. These companies
will usually offer oligonucleotides at a variety of
different synthesis scales and purities. Most workers
use HPLC purity but the need for this level of purity
in every situation is not established.

STORING ANTISENSE
OLIGONUCLEOTIDES

Oligonucleotides should be kept lyophilized, and then
aliquoted and stored at — 20— 80°C. They are much
more stable than proteins. Care should be taken not
to contaminate the ANTISENSE oligonucleotides with
blood, serum or other tissues that may contain
nucleases.

ADVANTAGES OF ANTISENSE
OLIGONUCLEOTIDES

The main advantage of ANTISENSE oligonucleotides
is the ability to block the expression of genes for
which no pharmacological agents are available, or
where the available pharmacological agents have poor
specificity. Thus, ANTISENSE technology provides
the ultimate specific antagonist. This use of ANTI-
SENSE technology is likely to be especially useful for
looking at receptors that are only known to exist

because they have been cloned, but have no known
function. Another advantage of ANTISENSE tech-
nology is that it can be used to investigate the role
played by genes that code for proteins other than
receptors, including nuclear proteins (Fagarasan et al.
1990; Lucas et al. 1993), various intracellular proteins
(Amaratunga et al. 1993; Lledo et al. 1993), autocoids
(Cook et al. 1992; Cumin er al. 1993), enzymes
(Contrera et al. 1992; Thomae et al. 1993) and
oncogenes (Harel-Bellan et al. 1988).

DISADVANTAGES OF ANTISENSE
TECHNOLOGY

The disadvantages of ANTISENSE technology are
significant, and success is not guaranteed. First, it can
only be used to examine genes whose sequence is
known. At the present time this is believed to be
about 1% of the human genome, but this figure is
increasing and accelerating as gene-sequencing tech-
nology is improved. This raises the small additional
risk that an ANTISENSE oligonucleotide might be
directed at more than one gene. Second, ANTISENSE
oligonucleotide might not produce complete sup-
pression of gene expression. This is particularly likely
if constitutive expression and protein turnover are
low. If an enzyme under investigation has a high
activity and is non rate-limiting, ANTISENSE tech-
nology as is presently available might not be a useful
tool (Ramanathan et al. 1993). Third, in order to
provide adequate suppression, long treatment regimens
may be required. Several recent studies illustrate this
point. Zhang and Creese (1993) used an implanted
mini-pump to deliver an ANTISENSE oligonucleotide
to the dopamine D2 receptor intracerebroventricularly.
After 3 days, there was a 50—-70% reduction in D2
receptor binding. In spite of this relatively modest
reduction, the authors were able to demonstrate
marked changes in behaviour and changes in responses
to a D2 receptor agonist in rats treated with ANTI-
SENSE oligonucleotides. Similarly, Wahlestedt et al.
(1993a) used ANTISENSE oligonucleotides to the
NMDA-R1 receptor, and achieved a reduction in
NMDA binding sites of around 50%. Agam, this
reduction was physnologlcally significant in that it
attenuated the size of cerebral infarctions induced by
occlusion of the middle cerebral artery (Wahlestedt et
al. 1993a). Finally, although it can be used to block
the expression :of an entire gene product it provides
no information-of the role of different sites on that

- gene product. However, if a receptor consists of a

complex of proteins that are, coded for by different
genes then selective deletion of the different subunits
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may provide some useful information about the role
of these different subunits. This has been achieved in
a recent study on the nicotinic acetylcholine receptor
{AChR) in chick lumbar sympathetic ganglia in vitro.
In these experiments pre-existing receptors were
eliminated pharmacologically. Treatment with ANTI-
SENSE oligonucleotides to different AChR subunits
affected different characteristics of the newly formed
receptors (Listerud et al. 1991).

ANTISENSE OLIGONUCLEOTIDES IN
THE NERVOUS SYSTEM

A growing number of studies have used ANTISENSE
oligonucleotides to investigate the role of various
genes in the nervous system both in vitro and in vivo.
Recently, we studied the effect of administering
ANTISENSE to the c-fos gene into the rostral ventro-
lateral medulla. Unilateral administration of ANTI-

(a) | (0)

SENSE markedly attenuated the usual increase in Fos
production seen after inhibition of the caudal ventro-
lateral medulla (Fig. 2). After bilateral administration
of c-fos ANTISENSE we found a fall in basal arterial
blood pressure and a decrease in the pressor response
to inhibition of the caudal ventrolateral medulla
(Suzuki et al. 1994). C-fos is a particularly good
candidate for the ANTISENSE approach because it
has a low basal expression and a rapid and transient
expression after stimulation. Other workers have used
ANTISENSE to c¢-fos in studies on behaviour (Heilig
et al. 1993) and on endorphin release in vitro
(Fagarasan et al. 1990).

Since the first reported use of ANTISENSE to
attenuate gene expression in the nervous system in
vivo (Chiasson et al. 1992) there have been numerous
reports, both in vivo and in vitro. We do not intend to
provide an exhaustive list of ANTISENSE studies in
the nervous system, but a few examples, illustrating
the scope of the approach, are given in Table 3.

(c)

25 »

20‘

Number of Fos—immunoreactive nucket

1004 04

Sense Anlisense

Fig. 2. An illustration of the effect of ANTISENSE administration in vivo. Panels (a) and (b) show photomicrographs of the
left and right hand sides of the medulla oblongata, as illustrated in the inset in (b). Six hours prior to injection of muscimol
into the caudal ventrolateral medulla, a micro-injection of phosphorothioated oligonucleotides (0.2 nmol in 200 nL) that
correspond to a portion of the SENSE sequence of the ¢-fos gene were injected into the region of the left hand side rostral
ventrolateral medulla. After injection of muscimol, ¢-fos expression in the rostral ventrolateral medulla is high as indicated
by the large number of Fos-immunoreactive nuclei (a). On the right hand side of the medulla which had been pre-treated with
ANTISENSE oligonucleotides, c-fos expression is markedly reduced (b). The average number of Fos-immunoreactive nuclei
on each side (SENSE and ANTISENSE treated; mean +s.e.m.) of the medulla in 12 sections (50 ¢ thick) is shown in (c).
ANTISENSE treatment has caused a large reduction in Fos-immunoreactivity. Amb indicates the location.of the nucleus
ambiguus pars compacta, These data are reproduced with permission of the American Physiological Society from Suzuki et
al. 1994,
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Table 3. Examples of ANTISENSE studies of the nervous system

Mode of administration

Target gene Effect of ANTISENSE Reference
NMDA-RI receptor Cultured cortical cells and ~ Decreased cell death Wahlestedt et al 1993
intracerebroventricular S
Dopamine D2 receptor Intracerebroventricular Decreased locomotor activity Zha.ng & Creesc 19_93
' : and catalepsy .
Muscarinic M2 & GABA-B  Cultured cerebellar granule  Decreased binding Holopainen & Wojcik 1992
receptor cells a : '
AMPA receptor Hippocampal slices Decreased LTP Vanderklish et al. 1992
Neuropeptide Y-Y1 receptor Intracerebroventricular Increased anxiety Wahlestedt ez al. 1993b
c-fos Micro-injection into brain Decreased blood pressure; Suzuki et al. 1994
tissue in vivo Decreased locomotion after  Heilig ez al. 1993
' cocaine ' '
SNAP-25 Cultured PC12 cells Decreased neurite elongation Osen-Sand er g/, 1993
Angiotensin, AT1 receptors ' Intracerebroventricular Decreased blood pressure Gyurko et al. 1993
CONCLUSION Barry, E. L. R., Gesek, F. A. & Friedman, P. A. (1993)

ANTISENSE technology is a powerful method with a
large and growing number of applications. With
improvements in stability, delivery and oligonucleotide
design, and with the rapidly increasing number of
genes cloned, ANTISENSE technology is certain to
become one of the most important tools in the neuro-
scientists’ armamentarium.
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ogy), respectively. Staining specificity was controlled by single staining, as well as by using
secondary antibodies in the absence of the primary stain,

Generation of target cells

Target cells displaying a membrane-integral version of either wild-type HEL or a mutant'®
exhibiting reduced affinity for HyHEL10 ([R¥, D', G'™, N'™] designated HEL*) were
generated by transfecting mouse J558L plasmacytoma cells with constructs analogous to
those used'® for expression of soluble HEL/HEL*, except that 14 Ser/Gly codons, the H2K®
transmembrane region, and a 23-codon cytoplasmic domain were inserted immediately
upstream of the termination codon by polymerase chain reaction. For mHEL-GFP, we
included the EGFP coding domain in the Ser/Gly linker. Abundance of surface HEL was
monitored by flow cytometry and radiolabelled-antibody binding using HyHELS and
D1.3 HEL-specific monoclonal antibodies, for which the mutant HELSs used in this work
show unaltered affinities®.

Interaction assays

For B-cell/target interaction assays, splenic B cells from 3-83 or MDA4 transgenic mice®?**
carrying (IgM +IgD) BCRs specific for HEL or H2K*/H2K were freshly purified on
Lympholyte and incubated with a twofold excess of target cells in RPMI, 50 mM HEPES
pH 7.4, for the appropriate time at 37 °C before being applied to polylysine-coated slides.
Cells were fixed in 4% paraformaldehyde/PBS or methanol and permeabilized with PBS/
0.1% Triton X-100 before immunofluorescence. We acquired confocal images using a
Nikon E800 microscope attached to BioRad Radiance Plus scanning system equipped with
488-nm and 543-nm lasers, as well as differential interference contrast for transmitted
light. GFP fluorescence in living cells in real time was visualized using a Radiance 2000 and
Nikon E300 inverted microscope. Images were processed using BioRad Lasersharp 1024 or
2000 software to provide single plane images, confocal projections or slicing.

Antigen presentation

Presentation of HEL epitopes to T-cell hybridomas 2G7 (specific for 1-E“{HEL'~'%]) and
1E5 (specific for ]»Ed[HEL'm'”(’]) by transfectants of the LK35.2 B-cell hybridoma
expressing an HEL-specific IgM BCR was monitored as described™,
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RNA interference (RNAi) is the process of sequence-specific,
post-transcriptional gene silencing in animals and plants,
initiated by double-stranded RNA (dsRNA) that is homologous
in sequence to the silenced gene'™, The mediators of sequence-
specific messenger RNA degradation are 21- and 22-nucleotide
small interfering RNAs (siRNAs) generated by ribonuclease III
cleavage from longer dsRNAs*~’, Here we show that 21-nucleo-
tide siRNA duplexes specifically suppress expression of endo-
genous and heterologous genes in different mammalian cell
lines, including human embryonic kidney (293) and Hela
cells. Therefore, 21-nucleotide siRNA duplexes provide a new
tool for studying gene function in mammalian cells and may
eventually be used as gene-specific therapeutics.

Uptake of dsRNA by insect cell lines has previously been shown to
‘knock-down’ the expression of specific proteins, owing to
sequence-specific, dsRNA-mediated mRNA degradation®'*'2,
However, it has not been possible to detect potent and specific
RNA interference in commonly used mammalian cell culture
systems, including 293 (human embryonic kidney), NIH/3T3
(mouse fibroblast), BHK-21 (Syrian baby hamster kidney), and
CHO-K1 (Chinese hamster ovary) cells, applying dsRNA that varies
in size between 38 and 1,662 base pairs (bp)'*". This apparent lack
of RNAi in mammalian cell culture was unexpected, because RNAi
exists in mouse oocytes and early embryos", and because RNAi-
related, transgene-mediated co-suppression was also observed in
cultured Rat-1 fibroblasts”. But it is known that dsRNA in the
cytoplasm of mammalian cells can trigger profound physiological
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reactions that lead to the induction of interferon synthesis'. In
the interferon response, dsRNA > 30bp binds and activates the
protein kinase PKR" and 2',5'-oligoadenylate synthetase (2',5'-
AS)"™®. Activated PKR stalls translation by phosphorylation of the
translation initiation factors elF2«, and activated 2',5'-AS causes
mRNA degradation by 2',5'-oligoadenylate-activated ribonuclease
L. These responses are intrinsically sequence-nonspecific to the
inducing dsRNA.

Base-paired 21- and 22-nucleotide {nt) siRNAs with overhanging
3' ends mediate efficient sequence-specific mRNA degradation in
lysates prepared from Drosophila embryos®. To test whether siRNAs
are also capable of mediating RNAI in cell culture, we synthesized
21-nt siRNA duplexes with symmetric 2-nt 3’ overhangs directed
against reporter genes coding for sea pansy (Renilla reniformis, RL)
and two sequence variants of firefly (Photinus pyralis, GL2 and GL3)
luciferases (Fig. 1a, b). The siRNA duplexes were co-transfected
with the reporter plasmid combinations pGL2/pRL or pGL3/pRL,
into Drosophila S2 cells or mammalian cells using cationic lipo-
somes. Luciferase activities were determined 20 h after transfection.
In Drosophila S2 cells (Fig. 2a and b), the specific inhibition of
luciferases was complete and similar to results previously obtained
for longer dsRNAs*'*'>"®, In mammalian cells, where the reporter
genes were 50- to 100-fold more strongly expressed, the specific
suppression was less complete (Fig. 2c—j). In NIH/3T3, monkey
COS-7 and Hela S3 cells (Fig. 2c—h), GL2 expression was reduced 3-
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Figure 1 Reporter constructs and siRNA duplexes. a, The firefly (Pp-luc) and sea pansy
(Rr-luc) luciferase reporter-gene regions from plasmids pGL2-Control, pGL3-Control, and
pRL-TK (Promega) are illustrated; simian virus 40 (SV40) promoter (prom.); SV40
enhancer element (enh.); SV40 late polyadenylation signal (poly(A)); herpes simplex virus
(HSV) thymidine kinase promoter, and two introns (lines) are indicated. The sequence of
GL3 luciferase is 95% identical to GL2, but RL is completely unrelated to both. Luciterase
expression from pGL2 is approximately 10-fold lower than from pGL3 in transfected
mammalian cells. The region targeted by the siRNA duplexes is indicated as black bar
below the coding region of the luciferase genes. b, The sense (top) and antisense (bottom)
sequences of the siRNA duplexes targeting GL2, GL3, and RL luciferase are shown. The
GL2 and GL3 siRNA duplexes differ by only three single-nucleotide substitutions (boxed in
grey). As nonspecific control, a duplex with the inverted GL2 sequence, invGL2, was
synthesized. The 2-nucleatide 3’ overhang of 2’ -deoxythymidine is indicated as TT; uGL2
is similar to GL2 siRNA but contains ribo-uridine 3’ overhangs.
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to 12-fold, GL3 expression 9- to 25-fold, and RL expression 2- to 3-
fold, in response to the cognate siRNAs. For 293 cells, targeting of
RL luciferase by RL siRNAs was ineffective, although GL2 and GL3
targets responded specifically (Fig. 2i and j). The lack of reduction of
RL expression in 293 cells may be because of its expression, 5- to 20-
fold higher than any other mammalian cell line tested and/or to
limited accessibility of the target sequence due to RNA secondary
structure or associated proteins. Nevertheless, specific targeting of
GL2 and GL3 luciferase by the cognate siRNA duplexes indicated
that RNAI is also functioning in 293 cells.

The 2-nucleotide 3’ overhang in all siRNA duplexes was com-
posed of (2’-deoxy) thymidine, except for uGL2, which contained

a b
14¢ S2, pGL2-Control/pRL-TK 14 82, pGL3-Control/pRL-TK
1.2 12
1 1
0.8 08
06 0.6
0.4 0.4
02 0.2
0 0
d
NIH/3T3

NIH/3T3 1.6

BNorm. Pp-luc/Rr-luc
an|-dg/on|-14 “wioN 0O

' H 0 : el i

Bu uGL2 GL2 GL3invGL2 RL
siRNA

Bu uGL2 GL2 GL3IVGL2 AL
siRNA

Figure 2 RNA interference by siRNA duplexes. Ratios of target to controf luciferase were
normalized to a buffer control (Bu, black bars); grey bars indicate ratios of Photinus pyralis
(Pp-luc) GL2 or GL3 luciferase to Renilla reniformis {Ar-luc) RL luciferase {left axis), white
bars indicate RL to GL2 or GL3 ratios (right axis). a, ¢, €, g and i, Experiments performed
with the combination of pGL2-Control and pRL-TK reporter plasmids; b, d, f, h and j,
experiments performed with the combination of pGL3-Controf and pRL-TK reporter
plasmids. The cell line used for the interference experiment is indicated at the top of each
plot. The ratios of Pp-luc/Rr-luc for the buffer control (Bu) varied between 0.5 and 10 for
pGL2/pRL, and between 0.03 and 1 for pGL3/pRL, respectively, before normalization and
between the various cell lines tested. The plotted data were averaged from three
independent experiments * s.d.
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uridine residues. The thymidine overhang was chosen because it
reduces costs of RNA synthesis and may enhance nuclease resistance
of siRNAs in the cell culture medium and within transfected cells. As
in the Drosophila in vitro system (data not shown), substitution of
uridine by thymidine in the 3’ overhang was well tolerated in
cultured mammalian cells (Fig. 2a, ¢, e, g and 1), and the sequence
of the overhang appears not to contribute to target recognition®,

In co-transfection experiments, 25nM siRNA duplexes were
used (Figs 2 and 3; concentration is in respect to the final volume
of tissue culture medium). Increasing the siRNA concentration to
100nM did not enhance the specific silencing effects, but started
to affect transfection efficiencies, perhaps due to competition for
liposome encapsulation between plasmid DNA and siRNA (data
not shown). Decreasing the siRNA concentration to 1.5nM did
not reduce the specific silencing effect (data not shown), even
though the siRNAs were now only 2- to 20-fold more concen-
trated than the DNA plasmids; the silencing effect only vanishes
completely if the siRNA concentration was dropped below
0.05nM. This indicates that siRNAs are extraordinarily powerful
reagents for mediating gene silencing, and that siRNAs are
effective at concentrations that are several orders of magnitude
below the concentrations applied in conventional antisense or
ribozyme gene-targeting experiments®.

To monitor the effect of longer dSRNAs on mammalian cells, 50-
and 500-bp dsRNAs that are cognate to the reporter genes were
prepared. As a control for nonspecific inhibition, dsRNAs from
humanized GFP (hG)*' was used. In these experiments, the reporter
plasmids were co-transfected with either 0.21 j.g siRNA duplexes or
0.21 pg longer dsRNAs. The siRNA duplexes only reduced the
expression of their cognate reporter gene, while the longer
dsRNAs strongly and nonspecifically reduced reporter-gene expres-
sion. The effects are illustrated for HeLa S3 cells as a representative
example (Fig. 3a and b). The absolute luciferase activities were
decreased nonspecifically 10- to 20-fold by 50-bp dsRNA, and 20- to
200-fold by 500-bp dsRNA co-transfection, respectively. Similar
nonspecific effects were observed for COS-7 and NIH/3T3 cells. For
293 cells, a 10- to 20-fold nonspecific reduction was observed only
for 500-bp dsRNAs. Nonspecific reduction in reporter-gene expres-
sion by dsRNA > 30bp was expected as part of the interferon
response'®. Interestingly, superimposed on the nonspecific inter-
feron response, we detect additional sequence-specific, dsRNA-
mediated silencing. The sequence-specific silencing effect of long
dsRNAs, however, became apparent only when the relative reporter-
gene activities were normalized to the hG dsRNA controls (Fig. 3¢).
Sequence-specific silencing by 50- or 500-bp dsRNAs reduced the
targeted reporter-gene expression by an additional 2- to 5-fold.
Similar effects were also detected in the other three mammalian cell
lines tested (data not shown). Specific silencing effects with dsRNAs
(356—1,662 bp) were previously reported in CHO-K1 cells, but the
amounts of dsRNA required to detect a 2- to 4-fold specific
reduction were about 20-fold higher than in our experiments'.
Also, CHO-K1 cells appear to be deficient in the interferon
response. In another report, 293, NIH/3T3 and BHK-21 cells were
tested for RNAi using luciferase/8-galactosidase (lacZ) reporter
combinations and 829-bp specific lacZ or 717-bp nonspecific
green fluorescent protein (GFP) dsRNA'™. The lack of detected
RNAI in this case may be due to the less sensitive luciferase/lacZ
reporter assay and the length differences of target and control
dsRNA. Taken together, our results indicate that RNAi is active in
mammalian cells, but that the silencing effect is difficult to detect if
the interferon system is activated by dsRNA > 30 bp.

To test for silencing of endogenous genes, we chose four genes
coding for cytoskeletal proteins: lamin A/C, lamin Bl, nuclear
mitotic apparatus protein (NuMA) and vimentin®. The selection
was based on the availability of antibodies needed to quantitate the
silencing effect. Silencing was monitored 40 to 45h after transfec-
tion to allow for turnover of the protein of the targeted genes. As
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shown in Fig. 4, the expression of lamin A/C was specifically
reduced by the cognate siRNA duplex (Fig. 4a), but not when
nonspecific siRNA directed against firefly luciferase (Fig. 4b) or
buffer (Fig. 4c) was used. The expression of a non-targeted gene,
NuMA, was unaffected in all treated cells (Fig. 4d—f), demonstrat-
ing the integrity of the targeted cells. The reduction in lamin A/C
proteins was more than 90% complete as quantified by western
blotting (Fig. 4j, k). We note that lamin A/C ‘knock-out’ mice are
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Figure 3 Effects of 21-nucleotide siRNAs, 50-bp, and 500-bp dsRNAs on luciferase
expression in Hela cells. The exact length of the long dsRNAs in base pairs is indicated
below the bars. Experiments were performed with pGL2-Control and pRL-TK reporter
plasmids. The data were averaged from two independent experiments * 5.d. a, Absolute
Pp-luc expression, plotted in arbitrary luminescence units (a.u.). b, Rr-luc expression,
plotted in arbitrary luminescence units. ¢, Ratios of normalized target to control luciferase.
The ratios of luciferase activity for siRNA duplexes were normalized to a buffer control (Bu,
black bars); the luminescence ratios for 50- or 500-bp dsRNAs were normalized to the
respective ratios observed for 50- and 500-bp dsRNAs from humanized GFP (hG, black
bars). We note that the overall differences in sequence between the 49- and 484-bp GL2
and GL3 dsRNAs are not sufficient to confer specificity for targeting GL2 and GL3 targets
(43-nucleotide uninterrupted identity in 49-bp segment, 239-nucleotide fongest
uninterrupted identity in 484-bp segment)®.
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viable for a few weeks after birth® and that the lamin A/C knock-
down in cultured cells was not expected to cause cell death. Lamin A
and C are produced by alternative splicing in the 3’ region and
are present in equal amounts in the lamina of mammalian cells
(Fig. 4j, k). Transfection of siRNA duplexes targeting lamin B1 and
NuMA reduced the expression of these proteins to low levels (data
not shown), but we were not able to observe a reduction in vimentin
expression. This could be due to the high abundance of vimentin in
the cells (several per cent of total cell mass) or because the siRNA
sequence chosen was not optimal for targeting of vimentin.

The mechanism of the 21-nucleotide siRNA-mediated interfer-
ence process in mammalian cells remains to be uncovered, and
silencing might occur post-transcriptionally and/or transcription-
ally. In Drosophila lysate, siRNA duplexes mediate post-transcrip-
tional gene silencing by reconstitution of siRNA-protein complexes
(siRNPs), which guide mRNA recognition and targeted cleavage®™.
In plants, dSRNA-mediated post-transcriptional silencing has also
been linked to DNA methylation, which may also be directed by 21-

lamin A/C
SiRNA

GL2 Pp-luc
SIRNA

NuMA ab

Hoechst

lamin A/C GL2 Pp-luc
] siRNA siRNA

Buffer

lamin A
famin C

55K -
45K -

vimentin

Figure 4 Silencing of nuclear envelope proteins lamin A/C in Hela cells. Triple
fluorescence staining of cells transfected with lamin A/C siRNA duplex (a, d, g), with GL2
luciferase siRNA duplex (nonspecific SiRNA control) (b, e, h), and with buffer only (¢, f, i).
a-—c, Staining with lamin A/C specific antibody; d-f, staining with NuMA-specific
antibody; g-i, Hoechst staining of nuclear chromatin. Bright fluorescent nuclei in a
represent untransfected cells. j, k, Western blots of transfected cells using amin A/C- (j)
or vimentin-specific (k) antibodies. The Western blot was stripped and re-probed with
vimentin antibody to check for equal loading of total protein.
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nucleotide siRNAs*. Methylation of promoter regions can lead to
transcriptional silencing®, but methylation in coding sequences
does not”. DNA methylation and transcriptional silencing in
mammals are well documented processes”, yet their mechanisms
have not been linked to that of post-transcriptional silencing.
Methylation in mammals is predominantly directed towards CpG
dinucleotide sequences. There is no CpG sequence in the RL or
lamin A/C siRNA, although both siRNAs mediate specific silencing
in mammalian cell culture, so it is unlikely that DNA methylation is
essential for the silencing process.

Thus we have shown, for the first time, siRNA-mediated gene
silencing in mammalian cells. The use of exogenous 21-nucleotide
siRNAs holds great promise for analysis of gene function in human
cell culture and the development of gene-specific therapeutics. It
will also be of interest in understanding the potential role
of endogenous siRNAs in the regulation of mammalian gene

function. O

Methods
RNA preparation

21-nucleotide RNAs were chemically synthesized using Expedite RNA phosphoramidites
and thymidine phosphoramidite (Proligo, Germany). Synthetic oligonucleotides were
deprotected and gel-purified®. The accession numbers given below are from GenBank. The
siRNA sequences targeting GL2 (Acc. No. X65324) and GL3 luciferase (Acc. No. U47296)
corresponded to the coding regions 153~173 relative to the first nucleotide of the start
codon; siRNAs targeting RL (Acc. No. AF025846) corresponded to region 119139 after
the start codon. The siRNA sequence targeting lamin A/C (Acc. No. X03444) was from
position 608~630 relative to the start codon; lamin B1 (Acc. No. NM_005573) siRNA was
from position 672~-694; NuMA (Acc. No. Z11583) siRNA from position 3,988-4,010, and
vimentin (Acc. No. NM_003380) from position 346-368 relative to the start codon.
Longer RNAs were transcribed with T7 RNA polymerase from polymerase chain reaction
(PCR) products, followed by gel purification. The 49- and 484-bp GL2 or GL3 dsRNAs
corresponded to positions 113-161 and 113-596, respectively, relative to the start of
translation; the 50- and 501-bp RL dsRNAs corresponded to position 118167 and 118—
618, respectively. PCR templates for dsRNA synthesis targeting humanized GFP (hG) were
amplified from pAD3 (ref. 21), whereby 50- and 501-bp hG dsRNA corresponded to
positions 121-170 and 121-621, respectively, to the start codon.

For annealing of siRNAs, 20 pM single strands were incubated in annealing buffer
(100 mM potassium acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM magnesium acetate)
for 1 min at 90°C followed by 1 h at 37°C. The 37°C incubation step was extended
overnight for the 50- and 500-bp dsRNAs, and these annealing reactions were performed
at 8.4 pM and 0.84 uM strand concentrations, respectively.

Cell culture

S2 cells were propagated in Schneider’s Drosophila medium (Life Technologies) supple-
mented with 10% fetal bovine serum (FBS) 100 units ml™' penicillin, and 100 pgml™
streptomycin at 25 °C. 293, NIH/3T3, HeLa S3, HeLa $S6, COS-7 cells were grown at 37 °C
in Dulbecco’s modified Eagle’s medium supplemented with 109% FBS, 100 units m!™
penicillin, and 100 pg ml™ streptomycin. Cells were regularly passaged to maintain
exponential growth, Twenty-four h before transfection at 50-80% confluency, mamma-
lian cells were trypsinized and diluted 1:5 with fresh medium without antibiotics

(1-3 X 10° cells ml ") and transferred to 24-well plates (500 p.l per well). S2 cells were not
trypsinized before splitting. Co-transfection of reporter plasmids and siRNAs was carried
out with Lipofectamine 2000 (Life Technologies) as described by the manufacturer for
adherent cell lines. Per well, 1.0 pg pGL2-Control (Promega) or pGL3-Control
(Promega), 0.1 ug pRL-TK (Promega), and 0.21 pug siRNA duplex or dsRNA, formulated
into liposomes, were applied; the final volume was 600 ! per well. Cells were incubated
20 h after transfection and appeared healthy thereafter. Luciferase expression was
subsequently monitored with the Dual luciferase assay (Promega). Transfection
efficiencies were determined by fluorescence microscopy for mammalian cells lines after
co-transfection of 1.1 pg hGFP-encoding pAD3 (ref. 21) and 0.21 g inverted GL2 siRNA,
and were 70-90%. Reporter plasmids were amplified in XL-1 Blue (Stratagene) and
purified using the Qiagen EndoFree Maxi Plasmid Kit.

Transfection of siRNAs for targeting endogenous genes was carried out using
Oligofectamine (Life Technologies) and 0.84 p.g siRNA duplex per well, but it was recently
found that as little as 0.01 ug siRNAs per well are sufficient to mediate silencing. HeLa §56
cells were transfected one to three times in approximately 15 h intervals and were assayed
40 to 45 h after the first transfection. It appears, however, that a single transfection is as
efficient as multiple transfections. Transfection efficiencies as determined by immuno-
fluorescence of targeted cells were in the range of 90%. Specific silencing of targeted genes
was confirmed by at least three independent experiments.

Western blotting and immunofluorescence microscopy
Monoclonal 636 lamin A/C specific antibody” was used as undiluted hybridoma super-

natant for immunofluorescence and 1/100 dilution for western blotting. Affinity-purified
polyclonal NuMA protein 705 antibody” was used at a concentration of 10 ugml™ for
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immunofluorescence. Monoclonal V9 vimentin-specific antibody was used at 1/2,000
dilution. For western blotting, transfected cells grown in 24-well plates were trypsinized
and harvested in SDS sample buffer. Equal amounts of total protein were separated on
12.5% polyacrylamide gels and transferred to nitrocellulose. Standard immunostaining
was carried out using ECL enhanced chemiluminescence technique (Amersham Phar-
macia).

For immunofiuorescence, transfected cells grown on glass coverslips in 24-well plates
were fixed in methanol for 6 min at —10°C. Target gene specific and control primary
antibody were added and incubated for 80 min at 37 °C. After washing in phosphate
buffered saline (PBS), Alexa 488-conjugated anti-rabbit (Molecular Probes) and Cy3-
conjugated anti-mouse (Dianova) antibodies were added and incubated for 60 min at
37 °C. Finally, cells were stained for 4 min at room temperature with Hoechst 33342 (1 uM
in PBS) and embedded in Mowiol 488 (Hoechst). Pictures were taken using a Zeiss
Axiophot camera with a Fluar 40/1.30 oil objective and MetaMorph imaging Software
(Universal Imaging Corporation) with equal exposure times for the specific antibodies.
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Ribosomal peptidyl transferase can
withstand mutations at the putative
catalytic nucleotide

Norbert Polacek, Marne Gaynor, Aymen Yassin & Alexander S. Mankin

Center for Pharmaceutical Biotechnology (MC 870), University of Illinois,
900 South Ashland Avenue, Chicago, Illinois 60607, USA

Peptide bond formation is the principal reaction of protein
synthesis. It takes place in the peptidyl transferase centre of the
large (50S) ribosomal subunit. In the course of the reaction, the
polypeptide is transferred from peptidyl transfer RNA to the
a-amino group of amino acyl-tRNA. The crystallographic struc-
ture of the 50S subunit showed no proteins within 18 A from the
active site, revealing peptidyl transferase as an RNA enzyme',
Reported unique structural and biochemical features of the
universally conserved adenine residue A2451 in 23S ribosomal
RNA (Escherichia coli numbering) led to the proposal of a mecha-
nism of rRNA catalysis that implicates this nucleotide as the
principal catalytic residue®. In vitro genetics allowed us to test
the importance of A2451 for the overall rate of peptide bond
formation. Here we report that large ribosomal subunits with
mutated A2451 showed significant peptidyl transferase activity in
several independent assays. Mutations at another nucleotide,
G2447, which is essential to render catalytic properties to A2451
(refs 2, 3), also did not dramatically change the transpeptidation
activity. As alterations of the putative catalytic residues do
not severely affect the rate of peptidyl transfer the ribosome
apparently promotes transpeptidation not through chemical cataly-
sis, but by properly positioning the substrates of protein synthesis.

The proposed role of A2451 in the peptidyl transfer reaction is
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Figure 1 The secondary structure of the central loop of domain V of T. aquaticus 23S
tRNA, Position A2451 (£, coli 23S rRNA numeration), the principal catalytic nucleotide in
the proposed general acid—base catalytic mechanism of peptide bond formation®?, is
shown in bold. Its tertiary interaction partners, guanine residues 2061 and 2447,
suggested to be essential for rendering catalytic properties to A2451, are outlined. Arrows
indicate the mutations engineered in 23S rRNA.
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that is a previously known transcription-asso-
ciated kinase, Snfl, and demonstrate that hi-
stone H3 Ser-10 phosphorylation by Snfl
leads to GenS-mediated acetylation at the
INO! promoter. The linked and sequential
modifications are required for full INO/ tran-
scriptional induction. The finding that Snfl
functions as a histone kinase suggests that
other transcription-linked kinases may target
histones for phosphorylation. The data sup-
port a targeting model where Snfl is recruited
to certain promoters, perhaps through the
function of associated subunits. We have
shown that Snfl cofractionates in an apparent
multisubunit complex, which may include the
previously identified activating component
Snf4 and substrate targeting subunits Sip2,
Sipd, and Gal83 (27). These latter proteins
may promote association of Snfl with acti-
vators to direct catalysis to promoter-bound
histones.

The experiments reported here demon-
strate an interdependent pattern of histone
modifications during gene activation. There
is also evidence for multiple linked modifi-
cations (deacetylation leading to methylation)
occurring during heterochromatic silencing in
Schizosaccharomyces pombe and mammalian
cells (28, 29). The relation between histone
modifications for silencing and those re-
quired for gene activation remains to be de-
termined, although the balance between
Lys-9 methylation and Ser-10 phosphoryl-
ation could represent a critical switch.

Why are there multiple modifications?
Two general mechanisms are possible for the
role of modifications. In the first, the electro-
static charge alterations may serve to directly
alter nucleosome structure (30), and dual
acetylation/phosphorylation would increase
negative charge beyond either modification
alone. In the second model, modifications
provide an interaction surface for binding of
proteins, an idea advanced as the “histone
code” hypothesis (2, 37). Phosphorylation of
serine may provide an intermediate step, as
discussed above, for binding of proteins in a
sequence, or in tandem with acetylation,
could provide a stronger or more selective
binding surface. In either mechanism, multi-
ple modifications could provide increased
combinatorial and synergistic control during
gene regulation.
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Argonaute2, a Link Between
Genetic and Biochemical
Analyses of RNAI

Scott M. Hammond, Sabrina Boettcher,” Amy A. Caudy,?
Ryuji Kobayashi," Gregory J. Hannon'-3*

Double-stranded RNA induces potent and specific gene silencing through a
process referred to as RNA interference (RNAJ) or posttranscriptional gene
silencing (PTGS). RNAI is mediated by RNA-induced silencing complex (RISC),
a sequence-specific, multicomponent nuclease that destroys messenger RNAs
homologous to the silencing trigger. RISC is known to contain short RNAs (~22
nucleotides) derived from the double-stranded RNA trigger, but the protein
components of this activity are unknown. Here, we report the biochemical
purification of the RNAi effector nuclease from cultured Drosophila cells. The
active fraction contains a ribonucleoprotein complex of ~500 kilodaltons.
Protein microsequencing reveals that one constituent of this complex is a
member of the Argonaute family of proteins, which are essential for gene
silencing in Caenorhabditis elegans, Neurospora, and Arabidopsis. This obser-
vation begins the process of forging links between genetic analysis of RNAi from
diverse organisms and the biochemical model of RNAi that is emerging from

Drosophila in vitro systems.

RNA interference is a process whereby double-
stranded RNA (dsRNA) induces the silencing
of cognate genes (/). Posttranscriptional silenc-
ing phenomena have also been observed in
plants (e.g., PTGS) and fungi (e.g., quelling),
and genetic studies indicate that these are likely
to be mechanistically related to RNAi. More-
over, RNAI per se has been demonstrated in a
variety of experimental systems, including in-
sects, protozoans, and mammals (2).

A synthesis of in vivo and in vitro exper-
iments has led to a mechanistic model for
RNAI/PTGS. Silencing is initiated by expo-
sure of a cell to dsRNA. This “trigger” may

Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY 11724, USA. 2Genetica Inc, 1 Kendall Square,
Building 600, Cambridge, MA 02138, USA. *Watson
School of Biological Sciences, Cold Spring Harbor
Laboratory, 1 Bungtown Road, Cold Spring Harbor, NY
11724, USA.

*To whom correspondence should be addressed. E-
mail: hannon@cshl.org

be introduced experimentally or may derive
from endogenous sources such as viruses,
transgenes, or cellular genes (e.g., trans-
posons). Double-stranded RNAs are pro-
cessed into discrete ~21- to 25-nucleotide
(nt) RNA fragments known as siRNAs (small
interfering RNAs) (3, 4). These small RNAs
join a multicomponent nuclease complex,
RISC, and guide that enzyme to its substrates
through conventional base-pairing interac-
tions (5). Recognition of mRNAs by RISC
leads to their destruction.

To date, mechanistic studies have ap-
proached RNAI/PTGS from two standpoints.
Genetic studies have identified nearly a doz-
en genes that affect the dsRNA response.
These include genes that encode putative
nucleases [mut-7 (6)], helicases [gde-3 (7),
SDE3 (8), mut-6 (9)], RNA-dependent RNA
polymerases [e.g., ego-1 (10), gqde-1 an,
SDEI (12)/SGS2 (13)], and members of the
Argonaute family [rde-1 (14), gde-2 (15),
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AGOI (16)). Biochemical studies, carried out
exclusively in extracts from Drosophila em-
bryos and cultured cells, have identified en-
zymatic activities that are proposed to con-
tribute to the interference process (4, 5, /7,
18). However, links between biochemical and
genetic studies of RNAi have yet to be made.

We have sought to identify the proteins
and RNAs that carry out RNAI in vitro as a
step toward unifying biochemical and genetic
data into a single mechanistic model. Previ-
ously, we identified a ribonuclease Il family
enzyme, Dicer, as a candidate for processing
long dsRNA silencing triggers into ~22-nt
siRNAs (/8). Recently, a requirement for
Dicer in RNAI in vivo has been demonstrated
in C. elegans (19). Here we report the bio-
chemical purification of RISC, the effector
nuclease of RNAi, and the identification of
one subunit of this enzyme. This protein is a
member of the Argonaute family, which has
been linked to RNAI through genetic studies
in several experimental systems.

RNA interference can be provoked in cul-
tured Drosophila S2 cells by transfection
with dsRNA, or indeed by simply adding
dsRNA to the culture media (5, 20). Extracts
from such cells contain a nuclease complex,
RISC, that specifically degrades mRNAs that
are homologous to the dsRNA trigger. The
hypothesis that this nuclease constitutes the
effector activity of RNAI is strengthened by
the observation that RISC cofractionates with
~22-nt RNAs that are derived directly from
the silencing trigger (5). Furthermore, this
nuclease contains an essential nucleic acid
subunit, which is presumably a siRNA.

We have developed a biochemical frac-
tionation protocol that permits the purifica-
tion of RISC to near-homogeneity. Our pre-
vious studies have shown that RISC is bound
to ribosomes in cell-free extracts; however,
the biological relevance of this association
remains to be established (5). Ribosomes can
be concentrated from S2 lysates by high-
speed centrifugation, and soluble RISC can
be recovered from the ribosome pellet by
extraction with high concentrations of sait.

Size fractionation of soluble RISC yielded a
single peak of sequence-specific nuclease activ-
ity (Fig. 1A) (21). Thus, a single complex con-
tains all the activities and information needed to
identify and degrade cognate mRNAs. The
large size of this complex (~500 kD) is con-
sistent with its being composed of several sub-
units, which, according to our previous studies,
comprise both RNA and protein. We devel-
oped a series of additional chromatographic
steps that yielded a fraction with a sequence-
specific nuclease activity, which was purified
~1:10,000 from the crude extract. These are
outlined in Fig. 1B, and representative activ-
ity profiles from several columns are shown
in Fig. 1A and Fig. 2, A to C (2/).

Analysis of fractions from the hydroxy-
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apatite column by SDS-polyacrylamide gel
electrophoresis (PAGE) indicated that the com-
plex had not been purified to complete homo-
geneity; however, several proteins clearly co-
fractionated with the active RISC fraction. Can-
didate proteins were excised from the gel and

microsequenced using tandem mass spectrosco-
py (22). Two of four bands failed to produce
protein sequence. However, numerous peptides
were obtained from bands of ~87 and ~130
kD, which matched a single Drosophila gene.
Database and domain searches identified this as
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a homolog of rde-1, a member of the Argonaute
gene family, which is essential for RNAi in C.
elegans (14). We have named this gene Argo-
naute2 (AGQO2, Flybase annotation number
CG7439) because of the prior assignment of
Argonautel to another gene in the Drosophila
genome. Although the Drosophila genome con-
tains at least four Argonaute family members—
AGOI, AGO2, Piwi, and Sting—we identified
only AGO2 as a component of RISC in S2
cells. However, we cannot exclude the possibil-
ity that other Drosophila Argonaute family
members join the RISC complex in specific
tissues or at specific times during development.

The sequence of AGO?2 is shown in Fig. 3A,
with peptides obtained from protein sequencing
highlighted in red. In the sequence predicted
from the Drosophila genome database, homol-
ogy to existing Argonaute family members ex-
tended beyond the putative initiating methio-
nine. This strongly suggested that the 5" end of
the gene was missing from the predicted se-
quence. To address this possibility, we con-
structed a AZap library from a mixture of RNAs
from Drosophila embryos and S2 cells and
identified numerous 4GO2 cDNA clones (23).

Sequencing revealed several discrepancies
with the predicted 4GO2 gene. Sequences that

REPORTS

had been predicted to be intronic appeared in-
stead as part of the mature mRNA. This altered
the presumptive reading frame and added a
kilobase of additional coding sequence. The
presence of this predicted intron in the mature
AGO2 mRNA was confirmed by Northern blot-
ting using an oligonucleotide probe (Fig. 3B)
(24). The major constituent of this 5’ extension
is a series of 63-nt direct repeats (Fig. 3C). The
precise number of copies of this repeat was
variable in different, individual cDNA clones,
possibly as a result of recombination during the
propagation of these clones in bacteria. To the
best of our ability, we resolved this problem by
means of polymerase chain reaction (PCR)
analysis of genomic DNA and reverse-tran-
scription PCR of S2 cell mRNA. These exper-
iments consistently indicated the presence of 11
repeats (Fig. 3D) (25). Ultimately, the analysis
of the AGO2 coding sequence predicts a protein
of ~130 kD. Thus, we hypothesize that the
~87-kD band, which also yiclded numerous
AGO?2 peptides, may have been generated by
proteolysis during purification.

The 63-nt direct repeats translate into a re-
gion composed largely of glutamine residues
(Fig. 3A). Similar glutamine-rich repeats are
found in a number of proteins, including an

Fig. 3. (A) Peptides that were obtained from microsequencing are indicated in A

red on the AGO2 protein sequence. (B) Total RNA from Drosophila embryos (0
to 12 hours), whole adult flies, and S2 cells was fractionated and probed with a
50-base oligonucleotide corresponding to the predicted intron. Some cross-
hybridization was observed with rRNA (lower band) as a result of the low
stringency necessitated by use of a short probe. (C) The domain structure of
Argonaute2 is shown. The position of the intron, predicted in the Drosophila
genome database, is indicated. (D) PCR amplification of the polyglutamine -
repeats was done using primers flanking the repeat region. The templates used
are indicated. The size of the product indicates 11 repeats of 63 nt each, plus the
primer sequence. The ladder seen in the pIZ lane was observed only in some PCR
reactions and may be due to polymerase skipping. (E) Domain structure of
Argonaute family members from several organisms. The boundaries of the piwi
and PAZ domains are based on (36). Accession numbers: At. Argonautel
(Arabidopsis thaliana), U91995; Hs. elF2C (Homo sapiens), NM_012199; N.c.
QDE-2 (Neurospora crassa), AF217760; C.e. RDE-1 (Caenorhabditis elegans),
AF180730; D.m. Piwi (Drosophila melanogaster), AF104355; D.m. Sting,
AF145680; D.m. Argonaute1, AB035447; D.m. Argonaute2, AE003530.

Arabidopsis member of the Argonaute family,
AGOI (Fig. 3E). The functional importance of
this glutamine-rich domain is currently unclear.
Tn addition, AGO?2 also contains the PAZ and
PIWI domains, which are recognized signatures
of this gene family. Like the polyglutamine
domain, the functions of the PAZ and PIWI
domains are unknown.

To verify the presence of AGO2 in RISC,
we generated AGO2-specific antibodies (26).
Western blotting of chromatography column
fractions with affinity-purified anti-AGO2
showed precise cofractionation of a ~130-kD
AGO2 protein and the active RISC fraction
through each purification step (Fig. 1A and Fig,
2, A to C). In addition, we tested the association
between AGO2 and another component of
RISC, the siRNAs. We constructed a version of
AGO?2 that was tagged at its NH,-terminus with
both a T7 epitope and polyhistidine. This was
expressed in cells in which RNAi had been
induced against firefly luciferase (27). Tagged
AGO?2 protein cofractionated with endogenous
AGO?, and with the active RISC fraction, in
the 500-kD size range (28). RISC was affinity-
purified from cell extracts on a polyhistidine-
binding tesin (Talon, Clontech). Analysis of
the imidazole elution profile from this column

MGKKDKNKKGGQDSAAAPQPQOQQKQQQQROQQPQOLOQPQOLOQPQOLOQPQOQQQ0
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by Western blotting with a T7 antiserum and by
Northern blotting with a luciferase probe indi-
cated cofractionation of the tagged AGO2 and
22-nt siRNAs (Fig. 4A) (27). Considered to-
gether, our data strongly support the hypothesis
that AGO?2 is a component of RISC.

To test whether AGO2 is essential for
RNAIi in Drosophila S2 cells, we used RNA
interference to suppress endogenous AGO2,
much as we had previously done to establish
a role for Dicer in RNAI (/8). Treatment of
S2 cells with either of two different ~1000-nt
dsRNAs homologous to AGO2 reduced the
levels of this protein by a factor of >10 (Fig.
4B) (29). We assessed the ability of these
cells to carry out RNAI by transfection with a
mixture of firefly and Renilla luciferase (as
an internal control) expression plasmids in
combination with either a control dsRNA
(green fluorescent protein, GFP) or a firefly
luciferase dsRNA (Fig. 4C) (29). Suppression
of AGO2 expression correlated with a pro-
nounced reduction in the ability of cells to
silence an exogenous reporter by RNAI.

The biochemical function of Argonaute
family members is completely unknown. How-
ever, one domain of this protein, the PAZ do-
main, is shared with Dicer, which initiates
RNAI by processing dsRNA silencing triggers
into siRNAs (/8). We therefore considered the
possibility that Dicer and AGO2 might physi-
cally interact, perhaps through their shared PAZ
domains. Indeed, endogenous AGO2 can be
coimmunoprecipitated with an epitope-tagged
version of Dicer protein from transfected S2

22mer Northern

aT7 Western

...-‘?%g.._

Fig. 4. (A) A vector directing the expression of T7/His,-tagged AGO2 was cotransfected with luciferase dsRNA into 52
cells. Extracts were made and fractionated on talon metal affinity resin. AGO2 was eluted with an imidazole gradient.
Fractions were subjected to Western blotting with T7 antiserum and Northern blotting for luciferase 22-nt oligomer. No
protein bound to the resin from untransfected (control) extracts. (B} Drosophila S2 cells were soaked with dsRNAs
comprising the first 500 nt of the GFP coding sequence, or dsRNAs homologous to nucleotides 1to 1000 or 2500 to 3435
of the AGO2 coding sequence. Proteins were prepared by direct lysis of cells in SDS-PAGE loading buffer and levels of
AGO?Z protein were analyzed by Western blotting. (C) Cells that had been soaked with either Ago2 or control (GFP)
dsRNAs were cotransfected with a mixture of firefly and Renilla luciferase expression vectors in combination with either
control dsRNA (GFP) or dsRNA homologous to firefly luciferase, Values are expressed as the ratio of firefly to Renilla
luciferase activity. Standard deviations from the mean are indicated. (D} Drosophila S2 cells were transfected either with
a vector that directs the expression of T7 epitope—tagged Dicer protein or with a control vector. Proteins were recovered
from cells by immunoprecipitation with T7 antiserum and were analyzed by Western blotting with affinity-purified

anti-AGO2.
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cells (Fig. 4D) (30). We have previously shown
that Dicer and RISC are biochemically separa-
ble, and none of our purified RISC fractions is
able to process dsRNA into 22-nt fragments.
One possibility is that Dicer is indeed a com-
ponent of RISC but fails to process dsRNA
when present in this complex. However, our
current model is that the interaction between
AGO?2 and Dicer facilitates the incorporation of
siRNAs into RISC complexes, which ultimate-
ly dissociate from Dicer and target cognate
mRNAs for destruction.

Previous genetic studies in three organisms
have indicated that Argonaute family members
are essential for RNAI/PTGS. The first link
between Argonaute proteins and RNAi was
shown by the isolation of C. elégans rde-1in a
screen for RNAi-deficient mutants (/4). In
Neurospora, another member of the Argonaute
family, QDE-2, emerged from a selection of
mutants that were defective in a transgene co-
suppression phenomenon, termed quelling (/.3).
The founding member of this family (AGO1)
was first identified in Arabidopsis in a screen
for mutants with aberrant leaf morphology (31).
Subsequently, ago] was re-isolated in a screen
for plants that were defective in transgene co-
suppression (/6).

Argonaute proteins are typically members
of multigene families. In Drosophila there
are four annotated genes: Sting, Piwi, AGOI,
and 4GO2. Mutations in three family mem-
bers (agol, piwi, and sting) have previously
been studied. Piwi is required for mainte-
nance of cell proliferation in both the male

s v o
kS dsRNA & &
E Soak : E g S
E oak: & 2 2

17200

ion - L
Co-transfection: 5

and female germ line, and sting mutations
lead to spermatid defects and male sterility.
Agol was identified in a screen for mutations
in the wingless pathway, and null mutations
in this gene cause defects in neurological
development (32).

Thus, Argonaute family members have
been linked both to gene silencing phenom-
ena and to the control of development in
diverse species. The critical question is
whether these two roles of Argonaute pro-
teins are mechanistically related. It is already
clear that RNAi-related silencing pathways
can control the activity of endogenous genet-
ic elements (e.g., transposons). The possibil-
ity also exists that these same pathways may
control the expression of endogenous protein-
coding genes that regulate development. An
answer to this question is likely to emerge
both from further genetic studies of RNAi
pathways and from a search for endogenous
targets of RISC that may be identified via its
internal RNA guides to substrate selection.

Note added in proof: Recent data from
Mello and colleagues (33) have also demon-
strated a role for Dicer in RNAI. Furthermore,
these investigators and Zamore and colleagues
(34) have implicated Dicer and other compo-
nents of the RNAi machinery in the regulation
of developmental timing via the processing of
small temporal RNAs. A role for RNAI, and in
particular the Argonaute family member Sting,
in control of the Stellate locus has also been
described since the submission of this report
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Transitions in Distinct Histone
H3 Methylation Patterns at the
Heterochromatin Domain
Boundaries

Ken-ichi Noma,! C. David Allis,2 Shiv I. S. Grewal*

Eukaryotic genomes are organized into discrete structural and functional chro-
matin domains. Here, we show that distinct site-specific histone H3 methyl-
ation patterns define euchromatic and heterochromatic chromosomal domains
within a 47-kilobase region of the mating-type locus in fission yeast. H3
methylated at lysine 9 (H3 Lys®), and its interacting Swi6 protein, are strictly
localized to a 20-kilobase silent heterochromatic interval. In contrast, H3 meth-
ylated at lysine 4 (H3 Lys*) is specific to the surrounding euchromatic regions.
Two inverted repeats flanking the silent interval serve as boundary elements
to mark the borders between heterochromatin and euchromatin. Deletions of
these boundary elements lead to spreading of H3 Lys® methylation and Swi6
into neighboring sequences. Furthermore, the H3 Lys® methylation and cor-
responding heterochromatin-associated complexes prevent H3 Lys* methyl-

ation in the silent domain.

eukaryotes, chromosomes are partitioned

into structurally and functionally distinct re-
gions that help to separate independently reg-
ulated parts of the genome (/, 2). Specialized
DNA elements, known as insulators or
boundary elements, have been suggested to

mark the borders between adjacent chromatin
domains and to act as barriers against the
effects of enhancer and silencer elements
from neighboring regions (3-5). The best
characterized example of such long-range
chromatin effects comes from studies of po-

VOL 293 SCIENCE www.sciencemag.org

0antnd

Downloaded from www.sciencemag.org on January 16, 2012



Clarke, Modet & C°

COLOMBIA

ANEXO 8

000110

20



Alexo 8

Nucleic Acids Research, 2003, Vol. 31, No. 15 4417-4424
DOI: 10.1093/nar/gkg649

The activity of siRNA in mammalian cells is related
to structural target accessibility: a comparison with

antisense oligonucleotides
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ABSTRACT

The biological activity of siRNA seems to be infiu-
enced by local characteristics of the target RNA,
including local RNA folding. Here, we investigated
quantitatively the relationship between local target
accessibility and the extent of inhibition of the
target gene by siRNA. Target accessibility was
assessed by a computational approach that had
been shown earlier to be consistent with experimen-
tal probing of target RNA. Two sites of ICAM-1
mRNA predicted to serve as accessible motifs and
one site predicted to adopt an inaccessible struc-
ture were chosen to test siRNA constructs for sup-
pression of ICAM-1 gene expression in ECV304
cells. The local target-dependent effectiveness of
siRNA was compared with antisense oligonucle-
otides (asON). The concentration dependency of
siRNA-mediated suppression indicates a >1000-fold
difference between active siRNAs (IC5o = 0.2-0.5 nM)
versus an inactive siRNA (IC5o = 1 uM) which is con-
sistent with the activity pattern of asON when relat-
ing target suppression to predicted local target
accessibility. The extremely high activity of the
siRNA si2B (iICsp = 0.24 nM) indicates that not all
siRNAs shown to be active at the usual concentra-
tions of >10-100 nM belong to this highly active
species. The observations described here suggest
an option to assess target accessibility for siRNA
and, thus, support the design of active siRNA con-
structs. This approach can be automated, work at
high throughput and is open to include additional
parameters relevant to the biological activity of
SiRNA.

INTRODUCTION

The increasing use of siRNA to specifically suppress target
gene expression in mammalian cells progressively reveals an

influence of local target characteristics on the bioclogical
effectiveness (1-3). In major part, this is assigned to
characteristics of the local folding of target RNA (1-3) and
a recent study indicates to some extent a similarity between
the site-dependent biological activity of phosphorothioate-
derived antisense oligonucleotides (asON) and siRNA (3).
When taken together, these findings on target structure-related
biological activity of siRNA in mammalian cells, raise two
increasingly relevant questions. First, what are the rules
governing the structure~function relationship of siRNA and,
secondly, can one find ways to distinguish effective and non-
effective siRNA constructs on the basis of target structure
analysis. The latter issue guides one to the systematic design
of effective siRNA.

Since siRNA is regarded to be highly sequence-specific (4),
it is reasonable to assume that a recognition step occurs
between siRNA and its target sequence. This step might occur
between the siRNA double strand and the target or subsequent
to a possible preceding dissociation of the siRNA with its
antisense strand. In any case it seems to be reasonable to
assume that the Jocal target RNA segment has to be accessible
to intermolecular nucleotide~nucleotide interactions with
siRNA or its antisense strand, respectively. There is a need
to find a mammalian test system and experimental conditions
to study the influence of target structure on the activity of
siRNA.

Here, we used the human gene ICAM-1/CD54, which is one
of the best studied targets for antisense nucleic acids (5,6), and
siRNA (3) to investigate the extent of apparent gene expres-
sion in relation to local target accessibility. Target gene
suppression in this system is reproducible and robust.
Regarding RNA folding of the complete ICAM-1 mRNA,
we had access to a highly systematic computational RNA
secondary structure analysis (6; R.Kretschmer-Kazemi Far,
T Leppert and G.Sczakiel, manuscript in preparation). Even a
less detailed analysis was earlier shown to give rise to results
that are highly consistent with structural probing of RNA in
the presence of cellular extracts (7), suggesting that the
theoretical analysis of target accessibility as performed here
and as described recently (6), represents a valid basis to study
the relation between accessibility and efficacy of siRNA.

*To whom correspondence should be addressed. Tel: +49 451 500 2731; Fax: +49 451 500 2729; Email: sczakiel@imm.uni-luebeck.de
Correspondence may also be addressed to Rosel Kretschmer-Kazemi Far. Tel: +49 451 500 2741; Fax: +49 451 500 2729;

Email: kretschmer@imm.uni-luebeck.de

Dedicated to the memory of Claude Héléne

Nucleic Acids Research, Vol. 31 No. 15 © Oxford University Press 2003; all rights reserved

000111



4418 Nucleic Acids Research, 2003, Vol. 31, No. 15

However, as an additional measure of the reliability of this
kind of computational analysis of target accessibility, we
included asON in this study. Furthermore, asON were used
here to compare their effectiveness with siRNA on a
quantitative level.

MATERIALS AND METHODS

Oligonucleotides

All oligonucleotides were purchased from commercial sup-
pliers. asON were synthesized as phosphorothioate-modified
oligodeoxyribonucleotides. All single-stranded oligoribo-
nucleotides constituting siRNA were synthesized with two
3’-deoxythymidine nucleotides. The following phosphoro-
thioate-modified control oligonucleotides with scrambled
sequences were used: 5-GGTACGTGCTGAGGCCTG-3;
for siRNA we used the scrambled control: 5-CGAACUCA-
CUGGUCUGACCdtdt-3" (sense strand), 5'-GGUCAGAC-
CAGUGAGUUCGGtdt-3’ (antisense strand). The yield and
purity of all oligonucleotides was determined by UV absorp-
tion spectroscopy and the integrity was controlled with 20%
denaturing polyacrylamide gels followed by staining with
Stains-All (Sigma-Aldrich, Deisenhofen, Germany). The
sequences of all oligonucleotides are shown in Figure 1.

Formation of double-stranded siRNA

Complementary RNA strands at 20 pM were annealed in
50 mM potassium acetate, I mM magnesium acetate and
15 mM HEPES pH 7.4 by heating at 90°C for 2 min
followed by incubation at 37°C for 1 h. The formation of
double-stranded RNA was confirmed by non-denaturing
(15%) polyacrylamide gel electrophoresis and staining with
Stains-All.

RNA secondary structure prediction

To predict secondary structures of target sequences, we used
the software mfold version 2.3 (8,9) which is included in the
software Wisconsin Package Version 10.0, Genetics
Computer Group. Characteristic parameters of oligonucle-
otide sequences were determined using the software Oligo
version 3.4, which is based on the work of Rychlik and
Rhoads (10).

Cell lines and cell culture

The cell line ECV304 was described as an endothelial cell line
derived from spontaneously immortalized human umbilical
vein cells (11). However, the DSMZ-German Collection of
Microorganisms and Cell Cuitures (Braunschweig, Germany)
showed by DNA fingerprinting that this cell line is a derivative
of the human urinary bladder carcinoma cell line T-24 (12),
which expresses JCAM-1 in an inducible manner. ECV304
cells were maintained in medium 199 (Sigma-Aldrich)
buffered with 25 mM HEPES pH 7.4 and supplemented
with 0.68 mM L-glutamine and 10% FCS (Invitrogen,
Karlsruhe, Germany). Cells were routinely split two to three
times a week after trypsinization. For stimulation of ICAM-1
(CD54) 200 U/ml interleukin 1§ (IL-1B; PromoCell,
Heidelberg, Germany) was added to the medium and cells
were incubated overnight (for 16-18 h).

Transfection of cells with asON or siRNA

ECV304 cells were seeded in 12-well culture plates at a
density of 1.5 X 10° cells/well, 15 h prior to oligonucleotide
treatment. Then, the cells were washed once with pre-warmed
(37°C) serum-reduced Opti-MEM I medium (Invitrogen). To
deliver asON or siRNA to cells we used Lipofectamine 2000
(Invitrogen). The transfection of asON or siRNA was
performed with 0.4 ml of Opti-MEM I medium containing
0.1 pM asON or siRNA and 10 pg/mi Lipofectamine 2000 per
well. The cells were incubated for 4 h at 37°C, 5% CO,.
Subsequently, the transfection medium was replaced by
medium 199 containing 10% FCS. After an incubation of 4 h
at 37°C, 5% CO,, the medium was again substituted with
medium 199 containing 10% FCS and 200 U/m! IL-1B to
stimulate JCAM-1 expression. For inmunofluorescence analy-
sis, cells were removed from the culture dish by trypsinization
with 100 pl of 0.25% trysin/0.02% EDTA in PBS for 5 min at
37°C, 16-18 h after stimulation with IL-1B. ICAM-1-specific
gene expression of cells treated with IL-18 and control asON
or siRNA (scrambled sequence for both) was set at 100%,
while gene expression of cells treated with control asON or
$iRNA only was defined as the basal expression level.

Quantification of ICAM-I1-specific target protein:
immunofluorescence staining and flow cytometry

Cells were washed with phosphate-buffered saline (PBS;
pH 7.4) and incubated with a phycoerythrin (PE)-conjugated
CD54 monoclonol antibody (clone LB-2) or an isotype-
identical PE control (both, Becton Dickinson, Heidelberg,
Germany) in 50 ul of PBS containing 1% BSA at 4°C for
30 min. Subsequently, cells were washed with PBS and
suspended in PBS containing 1% paraformaldehyde (pH 7.4).
The cells were analyzed using a Becton Dickinson
FACSCalibur and CellQuest Pro software (Becton
Dickinson). After gating out dead cells, the mean (PE)
fluorescence intensity was determined and the inhibition of
ICAM-1 gene expression was standardized to the IL-1B-
induced state which was set at 100%. On average, basal gene
expression levels were ~35%.

Quantification of ICAM-1-specific target RNA:
quantitative RT-PCR

Total RNA was extracted from transfected cells using the
RNeasy mini kit including treatment with RNase-free DNase
(Qiagen, Hilden, Germany). The yield and purity of RNA
were determined by spectrophotometry. Synthesis of cDNA
was carried out using random hexamer primers and
Superscript 11 RNase H- reverse transcriptase according to
the manufacturer’s specifications (Invitrogen). Quantitative
PCR was performed using the GeneAmp 5700 sequence
detection system (Applied Biosystems, Darmstadt, Germany)
and SYBR green PCR core reagents (Eurogentec, Seraing,
Belgium). ICAM-I ¢cDNA was amplified with the forward
primer 5-GCCACTTCTTCTGTAAGTCTGTGGG-3’ and
reverse primer 5-CTACCGGCCCTGGGACG-3’, resulting
in a fragment of 300 bp. Samples were standardized using
primers specific to cDNA encoding human GAPDH (forward
primer 5-AACAGCGACACCCACTCCTC-3’ and reverse
primer 5’-GGAGGGGAGATTCAGTGTGGT-3’) resulting
in a product of 258 bp. Standard curves were obtained after
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Figure 1. Schematic depiction of the JCAM-7/CD54 mRNA sequence (top), the local target structures T1, T2 and T3 (top right), and the nucleotide sequences
and names of the asON and siRNA used here (top left). The ‘closed" target sequences that are predicted to be involved in intramolecular folding of the target T1
are indicated in red. Target segments of T2 and T3 that are predicted not to be involved in intramolecular base-pairing are indicated in green (right). The same
color code is used for the complementary sequences of asON and siRNA of the targets T1, T2 and T3 (left). For T1 and T2 all systematic computer foldings pre-
dict the structural domains indicated on the right. For T3 ail foldings predict either of the two structures shown here. The sequence stretch that is not involved in
intramolecular folding in both structures is indicate in dark green (bottom right). The numbers along the sequences refer to nucleotide sequence positions of the
ICAM-1 mRNA. The GeneBank accession number of the human ICAM-1 sequence is JO3132. UTR, untranslated region; CDS, coding sequence.

amplification of 2.5 X 103-2.5 X 107 copies of purified
plasmid pP5, a derivative of pEGFP-C1 carrying the amplicon
generated with the ICAM-1 primer set and plasmid pCR-
GAPDH, a derivative of pCR 2.1 harboring the GAPDH
amplicon sequences.

RESULTS
Local target sites of ICAM-1 mRNA

Many approaches have been developed in order to obtain
insights into the relationship between local target accessibility

and the effectiveness of antisense nucleic acids in living cells
(reviewed in 13). Accessibility of a given RNA for
intermolecular base-pairing is directly related to RNA struc-
ture which can be assessed experimentally (14-18) or
theoretically (reviewed in 19). Based on the identified or
presumed local accessibility, complementary nucleic acids
can be selected. Among the theoretical ways to design
effective asON, a specific systematic computational analyses
of predicted RNA structures and nucleotide sequence charac-
teristics has been shown to be significantly related to the
biological activity of asON in living cells (6,20). This
theoretical approach has also been shown to be closely related
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to the experimental probing of target RNA in the presence of
cellular extracts indicating its significance (7). This method-
ology (6) was applied here to the sequence of the ICAM-1
mRNA in order to define local folding, i.e. structural
accessibility. Window sizes ranging between 600 and 1400 nt
were analyzed by mfold (see Materials and Methods), shifted
along the target sequence at a step width of 100 nt, and the 10
lowest energy structures of each were recorded and used to
select local targets that occurred in all predictions at high
abundance (data not shown).

To investigate and to compare the possible role of local
target characteristics for the efficacy of asON and siRNA,
three local target sites along the ICAM-1 mRNA were chosen.
The local sequence segment at position 1430-1490 termed T1
in this work is predicted to adopt a local RNA structure that is
not regarded as being accessible to complementary strands
and, thus, it should not support their binding and efficacy in
living cells (Fig. 1, top right). Conversely, the local sequence
segments in the vicinity of positions 1570 and 1640 are
predicted to be accessible in structural terms and, thus, are
regarded to favor the biological activity of complementary
nucleic acids including asON and, possibly, siRNA (Fig. 1,
middle and bottom right). In addition to structural character-
istics of the target RNA, the design of asON sequences in this
work was based on criteria related to their sequences as
described recently (20), including the results of nucleotide
sequence homology searches, the exclusion of specific motifs
such as G-quartets and intramolecular folding, or a high
potential of dimer formation. The sequences of siRNA
constructs were chosen such that they are directed against
the central portion of the target motifs shown in Figure 1. All
siRNA constructs were tested for nucleotide sequence
homology with unrelated human transcribed sequences and
they all share the same GC content and length.

The target gene JCAM-1 is expressed at low basal levels and
at increased levels in the presence of stimulatory cytokines
such as IL-1B. Routinely, inhibitory effects in this system are
monitored by the suppression of IL-18-induced stimulation of
ICAM-1 expression. Here, we also tested effects on the basal
levels of ICAM-1 expression since this increases the range in
which the effects of siRNA and asON can be tested. If one
compares the effectiveness of different classes of biologically
active molecules such as asON and siRNA, then it is
reasonable to attempt to apply optimal experimental con-
ditions for each. Experimental evidence suggests that the
transfection step is critical for the extent of apparent target
gene suppression by siRNA (21-23). In this work, we used a
constant concentration of 10 ug/ml Lipofectamine 2000 in cell
culture with ECV304 cells. At 100 nM asON this is equivalent
to a ratio of Lipofectamine 2000 to asON of ~16:1 (w/w) and
to siRNA of ~7:1 (w/w). Under these conditions we observed
significantly stronger siRNA-mediated inhibition than with
the use of the transfection reagent ‘lipofectin’. We performed
further experiments using 3 pg/ml Lipofectamine 2000,
equivalent to a ratio of Lipofectamine 2000/asON of 5:1
(w:w), which showed a decrease in asON-mediated inhibition.
At 3 pg/ml Lipofectamine 2000, the transfection conditions
were appropriate, in principle, although at the higher dose of
Lipofectamine 2000, suppressive effects were stronger. For
further experiments we used Lipofectamine 2000 at 10 pg/ml
in cell culture because this favored the effectiveness of siRNA
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Figure 2. Suppression of the IL-1B-induced state of /CAM-] gene expres-
sion by asON at the level of the ICAM-1 protein (A) and target mRNA (B).
Basal expression levels of ~37% at the protein level and ~17% at the level
of mRNA are indicated by a dotted line. Error bars indicate the standard
deviation of two (B) or three (A) individual sets of experiments performed
in triplicate. The transfection reagent Lipofectamine 2000 was used at
10 pg/ml in cell culture according to the supplier’s instructions. The final
asON concentration was 100 nM.

and, to a minor extent, also that of asON. This allowed a
greater dynamic range for measuring suppression of target
gene expression.

Suppression of ICAM-1 by asON

The biological activity of the set of asON schematically
depicted in Figure 1 was monitored by suppression of IL-1B-
induced expression of ICAM-1 in ECV304 cells at the protein
level as described (6). Values for asON-mediated inhibition of
ICAM-1 were related to control oligonucleotides with a
scrambled order of nucleotides at a comparable base com-
position. The results clearly show strong inhibition of IL-1§-
induced gene expression of JCAM-1 by asON directed against
the favorable target sites T2 and T3 and even indicates a
suppression of gene expression below the levels of constitu-
tive gene expression (Fig. 2). The unfavorable target site T1
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(Fig. 1A) does not give rise to significant inhibitory effects by
asON (Fig. 2A). The observations described here are con-
sistent with extensive studies on asON-mediated inhibition of
gene expression where asON had been selected according to
the protocol used in this work. This experiment shows a large
dynamic range of suppression of JCAM-I gene expression
when comparing the unfavorable local target T1 with the
favorable targets, T2 and T3, respectively.

A real antisense effect implies that the target gene is
suppressed at the level of RNA which gives rise to reduced
levels of the protein encoded by the target gene. Levels of
target mRNA were measured by quantitative RT-PCR and
standardized to the levels of GAPDH mRNA. The inhibition
data summarized in Figure 2B show that this is the case for the
antisense species used here. When considering the phosphoro-
thioate chemistry of the asON it is important to note that no
side effects were observed in the use of the scrambled controls
(data not shown). Together, these findings are consistent with
the view that the asON-mediated down-regulation of ICAM-I
gene expression observed in this study is specific and follows
an antisense mechanism.

Suppression of ICAM-1 by siRNA

The effects of siRNA were monitored at the protein level by
FACS analysis of transfected cells and standardized to IL-1p-
induced expression of JCAM-1 in the presence of a scrambled
siRNA control (Fig. 3A). The most potent siRNA species were
directed against the local targets T2 and T3 which gave rise to
the highest inhibition levels in the use of asON. The siRNA
directed against the local target T1 which was unfavorable for
asON showed no significant influence of ICAM-I gene
expression. This differential behavior is highly consistent
with the inhibition properties of the asON investigated in this
work. The biologically active siRNA constructs suppress
stimulation of the target completely and even reduce basal
levels of ICAM-1 gene expression, indicating a significantly
increased activity when compared with asON (Figs 2 and 3).

Since the action of siRNA is presumed to occur post-
transcriptionally and involves the degradation of target RNA,
we also measured effects in this system at the level of ICAM-1
mRNA (Fig. 3B). The results of this experiment are compat-
ible with siRNA-mediated inhibition at the protein level. To
further support the presumed siRNA mechanism, we tested
whether the antisense strand of the siRNA construct si2B is
more sensitive to modifications than the sense strand, as one
would believe from the literature (24,25). We transfected
DNA-RNA hybrid constructs in which either the RNA sense
strand or the RNA antisense strand was substituted by a DNA
strand (si2B-H1, si2B-H2; Fig. 1). A substantial loss of
activity was observed when the antisense strand was DNA

Figure 3. Suppression of the IL-1B-induced state of ICAM-I gene
expression by siRNA at the level of the ICAM-1 protein (A) and target
mRNA (B). Effects of derivatives of si2B and single-stranded controls on
the TL-1B-induced state of JCAM-] gene expression are shown in (C). The
names of the constructs are defined in Figure 1. Basal expression levels are
indicated by a dotted line. Error bars indicate the standard deviation of at
least two individual sets of experiments performed in triplicate. The
transfection reagent Lipofectamine 2000 was used at 10 pg/ml. The final
concentration of siRNA and derivatives thereof was 100 nM.

Nucleic Acids Research, 2003, Vol. 31, No. 15 4421

rather than RNA but the activity remained high when the sense
strand was replaced. Moreover, the antisense or sense strand of
the active siRNA si2B did not show significant suppression of
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target gene expression at the same concentration (Fig. 3C).
These observations suggest that siRNA is the active molecule
in the test system used here.

Dose-dependency of suppression of ICAM-1 by asON
and siRNA

In order to quantitatively compare the biological activity of
asON and siRNA and the influence of the choice of the local
target, we determined apparent values of half maximal
inhibition (ICso values) and the maximal achievable extent
of inhibition (Fig. 4). At the level of the ICAM-1 protein, the
values of the apparent ICsq for siRNA against T2 and T3 were
0.24 and 0.58 nM, respectively (Fig. 4B and C), whereas sil
did not exert any significant inhibition at concentrations of up
to 100 nM (Fig. 4A). For antisense constructs, an ICs;, value of
47 (as2B) and 22 nM (as3C) was measured, whereas the
possible ICs, value for asl against T1 cannot be derived from
the experiments. It is reasonable to assume that this value is
not <500 nM (Fig. 4A). In the latter case, a substantial
cytotoxicity was observed at concentrations >100 nM. The
IC5o value of the most active siRNA construct si2B is
~100-fold lower than the value for one of the most effective
known phosphorothioate-substituted asON, as3C. When
assuming that as3C represents the maximal achievable level
of target gene suppression in the use of phosphorothioate-
substituted asON, and si2B represents the corresponding level
in the use of siRNA, then this suggests that under the
conditions used here, siRNA is ~100-fold more active in
mammalian cells than asON. Furthermore, even though si3
(Fig. 4C; IC50 = 0.58 nM) is ~40-fold more potent than the
homologous asON as3C (Fig. 4C; ICso = 22 nM), the maximal
extent of inhibition is greater with the use of the asON
(~30% gene expression) than with the siRNA (~50% gene
expression).

At a first look one might hypothesize that observed ICsq
values monitor the biological activity of the siRNAs used here.
When comparing the effectiveness of sil, si2B and si3 at
100 nM (Fig. 3A and B) with their dose-dependency, then it
seems that the maximal achievable level of target inhibition
rather than the ICs, value is more closely related to biological
activity. This means that above certain concentrations of
siRNA a further increase does not increase the extent of
inhibition; this indicates a bottle neck for the effectiveness
of siRNA in mammalian cells that cannot be compensated
by increased doses. One might deduce that the mode of
action of siRNA includes at least two critical parameters: a
concentration-dependent and a concentration-independent
parameter.

Figure 4. Concentration dependency of the inhibition of ICAM-I gene
expression at the protein level by asON and by siRNA against the local
targets T1 (A), T2 (B) and T3 (C). ICsy values are indicated at the
respective curves. Data points represent the mean of at least two individual
experiments with a standard deviation between 5 and 10% for siRNA and
between 5 and 20% for asON, respectively. Basal expression levels are
indicated by a dotted line. Lipofectamine 2000 was used at a final
concentration of 10 pug/ml. As a control for the ratio of transfection reagent
to asON we also tested target suppression at 3 ug/ml Lipofectamine 2000
(open squares) which gave rise to a reduced level of inhibition. Closed
circles, siRNA; closed triangles, asON,
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DISCUSSION

In this study, experimental evidence is provided for the view
that structural local target characteristics are related to target
accessibility and to the biological activity of siRNA. At a first
glance this relationship seems to be similar to the presumed
structure-function relationship of asON which is compatible
between this work and detailed published work in the same
biological system (6). The findings described here are based
on a computational analysis of target accessibility. The
significance of this theoretical RNA structure analysis is
supported (i) by its consistency with further detailed studies on
the structure—function relationship of asON (7,26,27), (ii) by
its close relationship with an experimental approach to
monitor target accessibility (7) and (iii) by the results in the
use of asON as measured here.

Local RNA structures along the ICAM-1 target mRNA that
are predicted to be accessible, serve as favorable targets for
siRNA; this suggests the usefulness of the theoretical access-
ibility approach for the selection of siRNA constructs. This
observation is consistent with a recent report in which the
oligonucleotide scanning array technology has been used to
experimentally monitor target accessibility (2). In principle,
this work suggests on a quantitative level that target access-
ibility is correlated with biological activity of asON and
siRNA. It remains to be tested, however, whether the
significant effects of single additional or lacking nucleotides
of siRNA with respect to complementary nucleotides of the
target strand give rise to a heterogeneous pattern of effective-
ness within a given local target as observed for asON
(7,28,29). At a lower resolution this possibility is supported
by a study with overlapping siRNAs shifted along a target
sequence by 3 nt (1). Kawasaki et al. (30) provide experi-
mental evidence for the view that target structure matters with
regard to the biological activity of siRNA. Interestingly, this
seems to be overcome with the use of siRNA that has been
exposed to recombinant Dicer in vitro (30).

The biological activities of si2A and si2B are comparable
(Fig. 3A). If one speculates on the importance of the termini of
siRNA or its complementary single strands, then one might
conclude that there is no difference between the ends with
respect to their effectiveness in mammalian cells. When
considering the local target for both siRNAs (T2; Fig. 1), then
it does not seem to matter whether either terminus of the
siRNA is directed against a sequence segment that is involved
in intramolecular base-pairing or not. It seems to be reason-
able, however, to assume that a closer look at the relationship
between local target characteristics and the efficacy of siRNA
will reveal new mechanistic insights that can be exploited for
the design of highly effective siRNA species.

The extent of inhibition of JCAM-] gene expression in the
use of asON versus siRNA indicates an ~100-fold increase in
the apparent ICsq value of siRNA (Fig. 4B). This observation
is consistent with a recent report that provides experimental
evidence for a similar gap of activity reflected by an ~100-fold
increased activity of siRNA versus asON (23). The authors
further suggest that the activity of double-stranded RNA is
dependent on ‘positional effects’ of the target RNA,

The ICAM-1 mRNA was used as a target RNA for a large
set of asON and siRNA in a recent study (3). We compared the
inhibition in this study with local target accessibility using the
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approach in our study. For a number of cases we also find a
significant relationship between local target accessibility and
efficacy. Conversely, most local target sites described in
Vickers et al. (3) cannot be assessed by the theoretical
approach used here and, to some extent, the inhibition data on
the level of target RNA and target protein are not consistent.
Thus, a systematic analysis of the data in Vickers et al. (3)
using the concept in our work is not possible.

The work on asON-mediated effects made use of
phosphorothioate-derived asON. It might well be that
improved second generation chemistries significantly reduce
the gap of biological activity between asON and siRNA. In
this context, it is also interesting to look at the sequence
specificity and side effects of siRNA and asON at the available
different chemistries.

One might hypothesize that sequence-specific interactions
between siRNA and its target RNA are crucial and are closely
related to efficacy. As a consequence, insights into the
biochemical properties of this step might help to understand
the structure—function relationship of siRNA, thereby sup-
porting the rational improvement of the efficacy. It is likely
that the recognition process between double-stranded and
single-stranded RNA inside mammalian cells is accompanied
by cellular proteins and other endogenous compounds. It
remains open, however, as to whether such additional
substances influence the molecular mechanism of RNA
interactions (e.g. by changing RNA folding and the mode of
recognition) or whether they catalyze this reaction in an
enzyme-like fashion in order to facilitate this process and
increase the kinetics without affecting the mechanism [e.g. as
observed in the case of facilitator-promoted annealing of
complementary RNA which does not measurably influence the
underlying structure—function relationship (31)].
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RNA interference can be considered as an antisense
mechanism of action that utilizes a double-stranded
RNase to promote hydrolysis of the target RNA. We have
performed a comparative study of optimized antisense
oligonucleotides designed to work by an RNA interfer-
ence mechanism to oligonucleotides designed to work
by an RNase H-dependent mechanism in human cells.
The potency, maximal effectiveness, duration of action,
and sequence specificity of optimized RNase H-depend-
ent oligonucleotides and small interfering RNA (siRNA)
oligonucleotide duplexes were evaluated and found to
be comparable. Effects of base mismatches on activity
were determined to be position-dependent for both
siRNA oligonucleotides and RNase H-dependent oligo-
nucleotides. In addition, we determined that the activity
of both siRNA oligonucleotides and RNase H-dependent
oligonucleotides is affected by the secondary structure
of the target mRNA. To determine whether positions on
target RNA identified as being susceptible for RNase
H-mediated degradation would be coincident with
siRNA target sites, we evaluated the effectiveness of
siRNAs designed to bind the same position on the target
mRNA as RNase H-dependent oligonucleotides. Exami-
nation of 80 siRNA oligonucleotide duplexes designed to
bind to RNA from four distinct human genes revealed
that, in general, activity correlated with the activity to
RNase H-dependent oligonucleotides designed to the
same site, although some exceptions were noted. The
one major difference between the two strategies is that
RNase H-dependent oligonucleotides were determined
to be active when directed against targets in the
pre-mRNA, whereas siRNAs were not. These results
demonstrate that siRNA oligonucleotide- and RNase H-
dependent antisense strategies are both valid strategies
for evaluating function of genes in cell-based assays.

RNA interference has become a powerful and widely used
tool for the analysis of gene function in invertebrates and
plants (1, 2). Introduction of long double-stranded RNA into the
cells of these organisms leads to the sequence-specific degra-
dation of homologous gene transcripts. The long double-
stranded RNA molecules are metabolized to small 21-23-nu-
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cleotide interfering RNAs (siRNAs)! by the action of an
endogenous ribonuclease, Dicer (3, 4). The siRNA molecules
bind to a protein complex, termed RNA-induced silencing com-
plex, which contains a helicase activity that unwinds the two
strands of RNA molecules, allowing the antisense strand to
bind to the targeted RNA molecule (4, 5) and an endonuclease
activity that hydrolyzes the target RNA at the site where the
antisense strand is bound. It is unknown whether the anti-
sense RNA molecule is also hydrolyzed or recycles and binds to
another RNA molecule. Therefore, RNA interference is an an-
tisense mechanism of action, since ultimately a single-stranded
RNA molecule binds to the target RNA molecule by Watson-
Crick base pairing rules and recruits a ribonuclease that de-
grades the target RNA.

In mammalian cells, long double-stranded RNA molecules
were found to promote a global change in gene expression,
obscuring any gene-specific silencing (6, 7). This reduction in
global gene expression is thought to be mediated in part
through activation of double-stranded RNA-activated protein
kinase which phosphorylates and inactivates the translation
factor eukaryotic initiation factor 2a (8). Recently, it has been
shown that transfection of synthetic 21-nucleotide siRNA du-
plexes into mammalian cells does not elicit the RNA-activated
protein kinase response, allowing effective inhibition of endog-
enous genes in a sequence-specific manner (9, 10). These siR-
NAs are too short to trigger the nonspecific double-stranded
RNA responses, but they still promote degradation of comple-
mentary RNA sequences (9, 11).

Multiple mechanisms exist by which short synthetic oligonu-
cleotides can be used to modulate gene expression in mamma-
lian cells (12). A commonly exploited antisense mechanism is
RNase H-dependent degradation of the targeted RNA. RNase
H is a ubiquitously expressed endonuclease that recognizes a
DNA-RNA heteroduplex, hydrolyzing the RNA strand (13, 14).
Antisense oligonucleotides that contain at least five consecu-
tive deoxynucleotides are substrates for human RNase H (15,
16). Thus, the RNase H-dependent antisense mechanism dif-
fers from the siRNA mechanism by utilizing RNase H, instead
of a double-stranded RNase, as the terminating mechanism.

Initial reports in which siRNA was compared with single-
stranded antisense approaches to gene knockdown have indi-
cated that the siRNA is more potent and effective than a
traditional antisense approach (4, 10). However, the antisense

1 The abbreviations used are: siRNA, small interfering RNA; RT,
reverse transcriptase; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; ROC, receiver operating characteristic; TPR, true positive rate;
FPR, false positive rate; nt, nucleotide; 2'-MOE, 2’-O-methoxyethyl;
ICAM, intercellular adhesion molecule; TNF, tumor necrosis factor.
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molecules used in these experiments were single-stranded un-
modified RNA, which is rapidly degraded and does not recruit
RNase H to cleave the target. Phosphorothicate oligode-
oxynucleotides are first generation antisense agents that have
been widely used to modulate gene expression in cell-based
assays, in animal models, and in the clinic (18). The phospho-
rothioate modification dramatically increases the nuclease re-
sistance of the oligonucleotide and still supports RNase H
activity (19). Further improvements to phosphorothicate oli-
godeoxynucleotides have been made, resulting in second gen-
eration oligonucleotides such as 2'-O-methyl or 2’'-O-methoxy-
ethyl modifications (15, 20). The 2’'-O-methoxyethyl
modification is particularly attractive, since it increases the
potency of the oligonucleotide, further increases nuclease re-
sistance, decreases toxicity, and increases oral bioavailability
(21-24).

In this report, we compare oligonucleotides that were de-
signed to work by a siRNA mechanism (siRNA oligonucleo-
tides) to optimized first and second generation antisense oligo-
nucleotides that were designed to work by an RNase H-
dependent mechanism (RNase H oligonucleotides). Active
siRNA oligonucleotides and homologous RNase H-dependent
oligonucleotides were evaluated for relative potency, efficacy,
duration of action, sequence specificity, and site of action
within the cell to determine whether significant advantages
could be found for the different antisense strategies in cell-
based assays. Our results suggest that in human cell culture
assays, double-stranded oligoribonucleotides that work by
siRNA mechanism exhibit similar potency, efficacy, specificity,
and duration of action as RNase H oligonucleotides. Further-
more, as we have previously found for RNase H oligonucleo-
tides, not all sites on the target RNA are good target sites for
siRNA molecules. Like RNase H-dependent oligonucleotides,
activity of siRNAs is affected by the secondary structure of the
target RNA. Finally, siRNAs and RNase H oligonucleotides
appear to work upon the target mRNA at different stages of its
processing/metabolism.

EXPERIMENTAL PROCEDURES

Oligonucleotide Synthesis and siRNA Duplex Formation—Synthesis
and purification of phosphorothioate-modified oligodeoxynucleotides or
chimeric 2'-O-methoxyethyl/deoxyphosphorothioate modified oligonu-
cleotides was performed using an Applied Biosystems 380B automated
DNA synthesizer as described previously (22). Sequences of oligonucleo-
tides and placement of 2’-O-methoxyethyl modifications are detailed in
Tables I and II. RNA oligonucleotides were synthesized at Dharmacon
Research, Inc. (Boulder, CO). siRNA duplexes were formed by combin-
ing 30 ul of each 50 uM RNA oligonucleotide solution and 15 ul of 5%
annealing buffer (100 mM potassium acetate, 30 mm HEPES-KOH, pH
7.4, 2 mM magnesium acetate) followed by heating for 1 min at 90 °C
and then 1 h at 37 °C. Successful annealing was confirmed by nonde-
naturing polyacrylamide gel electrophoresis, The melting temperatures
(T,,) were experimentally determined for a subset of siRNA tested as
described previously (15). In each case, the measured T, values were
greater than 55 °C. The predicted T,, values for all siRNA duplexes
used in this paper were >50 °C (100 mm salt, 0.1 uM oligonucleotide).

Cell Culture—~T24 cells, (American Type Tissue Culture Collection,
Manassas, VA) were cultivated in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum in six-well culture dishes at
a density of 250,00 cells/well. Oligonucleotides were administered to
cells using Lipofectin reagent (Invitrogen) as described previously (25,
26). Other transfection reagents were evaluated (e.g. Transit TKO,
LipofectAMINE 2000, and Oligofectamine) and found to provide similar
levels of siRNA-mediated target reduction in T24 cells (data not shown);
however, Lipofectin was determined to be superior to the other trans-
fection reagents for RNase H-dependent oligonucleotide administra-
tion. In addition, LipofectAMINE was found to be more toxic to the cells
than Lipofectin, and Transit TKO failed to provide consistent results for
delivery of siRNA molecules. Optimal Lipofectin/oligonucleotide ratios
were empirically determined for both siRNAs and RNase H-dependent
oligonucleotides. For RNase H antisense oligonucleotides, cells were
incubated with a mixture of 3 ug/ml Lipofectin per 100 nM oligonucleo-
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tide in OptiMEM medium (Invitrogen), whereas siRNA duplexes were
incubated with a mixture of 6 ug/ml Lipofectin per 100 nM siRNA
duplex. Since concentrations reported in the paper represent concen-
tration of the siRNA duplex, the same weight/Lipofectin ratio was
maintained for siRNA duplexes and antisense oligonucleotides. After
4 h, the transfection mixture was aspirated from the cells and replaced
with fresh Dulbecco’s modified Eagle’s medium plus 10% fetal calf
serum and incubated at 37 °C, 5% CO, until harvest.

To induce CD54 mRNA expression, oligonucleotide-treated cells were
incubated overnight and then treated with 5 ng/ml TNF-a (R&D Sys-
tems, Minneapolis, MN) for 2-3 h prior to harvest of cells for RNA
expression analysis. For analysis of cell surface expression of CD54
protein, cells were induced with 5 ng/ml TNF-a immediately following
the transfection and incubated overnight.

RNA Expression Analysis—Total RNA was harvested at the indi-
cated times following the beginning of transfection using an RNeasy
Mini preparation kit (Qiagen, Valencia, CA) according to the manufac-
turer’s protocol. Gene expression was analyzed using quantitative RT-
PCR essentially as described elsewhere (27). Briefly, 200 ng of total
RNA was analyzed in a final volume of 50 pl containing 200 nM gene-
specific PCR primers, 0.2 mM each dNTP, 75 nM fluorescently labeled
oligonucleotide probe, 1x RT-PCR buffer, 5 mm MgCl, 2 units of Plat-
inum Taq DNA polymerase (Invitrogen), and 8 units of ribonuclease
inhibitor. Reverse transcription was performed for 30 min at 48 °C
followed by PCR: 40 thermal cycles of 30 s at 94 °C and 1 min at 60 °C
using an ABI Prism 7700 Sequence Detector (Applied Biosystems;
Foster City, CA). All mRNA expression was normalized to levels of
GAPDH mRNA, also determined by quantitative RT-PCR, from the
same total RNA samples. The following primer/probe sets were used:
c-raf kinase {accession number X03484), forward primer (AGCTTGGA-
AGACGATCAGCAA), reverse primer (AAACTGCTGAACTATTGTAG-
GAGAGATG), and probe (AGATGCCGTGTTTGATGGCTCCAGCX);
CD54 (accession number J03132), forward primer (CATAGAGACCCC-
GTTGCCTAAA), reverse primer (TGGCTATCTTCTTGCACATTGO),
and probe (CTCCTGCCTGGGAACAACCGGAAX); PTEN (accession
number U92436), forward primer (AATGGCTAAGTGAAGATGACAA-
TCAT), reverse primer (TGCACATATCATTACACCAGTTCGT), and
probe (TTGCAGCAATTCACTGTAAAGCTGGAAAGGX); Bcel-x
(accession number Z23115), forward primer (TGCAGGTATTGGTGAG-
TCGG), reverse primer (TCCAAGGCTCTAGGTGGTCATT), and probe
(TCGCAGCTTGGATGGCCACTTACCTX); GAPDH (accession number
X01677), forward primer (GAAGGTGAAGGTCGGAGTC), reverse
primer (GAAGATGGTGATGGGATTTC), and probe (CAAGCTTCCCG-
TTCTCAGCCX); COREST (accession number NM_015156), forward
primer (ACAATCCCATTGACATTGAGGTT), reverse primer (TTTGC-
TCTATTTTTAGCTTGTGTGCT), and probe (AAGGAGGTTCCCCCTA-
CTGAGACAGTTCCTX); Notch homolog 2 (accession number
NM_024408), forward primer (TGGCAACTAACGTAGAAACTCAACA),
reverse primer (TGCCAAGAGCATGAATACAGAGA), and probe (ACA-
ACTATAGACTTGCTCATTGTTCAGACTGATTGCCX); PAK1 (acc-
ession number U51120), forward primer (TGTGATTGAACCACTTCC-
TGTCA), reverse primer (GGAGTGGTGTTATTTTCAGTAGGTGAA),
and probe (TCCAACTCGGGACGTGGCTACAX); CARD-4 (accession
number NM_006092), forward primer (GCAGGCGGGACTATCAGGA),
reverse primer (AGTTTGCCGACCAGACCTTCT), and probe (TCCAC-
TGCCTCCAT-

GATGCAAGCCX). .

Flow Cytometry—Following oligonucleotide treatment, cells were de-
tached from the plates with Dulbecco’s phosphate-buffered saline (with-
out calcium and magnesium) supplemented with 4 mm EDTA. Cells
were transferred to microcentrifuge tubes, pelleted at 5000 rpm for 1
min, and washed in 2% bovine serum albumin, 0.2% sodium azide in
Dulbecco’s phosphate-buffered saline at 4 °C. PE anti-human CD54
antibody (catalog no. 555511; Pharmingen, San Diego, CA) was then
added at 1:20 in 0.1 ml of the above buffer. The antibody was incubated
with the cells for 30 min at 4 °C in the dark. Cells were washed again
as above and resuspended in 0.3 mi of PBS buffer with 0.5% paraform-
aldehyde. Cells were analyzed on a Becton Dickinson FACScan. Results
are expressed as percentage of control expression based upon the mean
fluorescence intensity.

Luciferase Assays—For luciferase-based reporter gene assays, 10 ug
of plasmid pGL3-5132-S0 or pGL3-5132-S20 (26) was introduced into
COS-7 cells at 70% confluence in 10-cm dishes using SuperFect Reagent
(Qiagen). Following a 2-h treatment, cells were trypsinized and split
into 24-well plates. Cells were allowed to adhere for 1 h, and then
RNase H or siRNA oligonucleotides were added in the presence of
Lipofectin reagent as detailed above. All oligonucleotide treatments
were performed in duplicate or triplicate. Following the 4-h oligonucleo-
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tide treatment, cells were washed, and fresh Dulbecco’s modified Ea-
gle’s medium containing 10% fetal calf serum was added. The cells were
incubated overnight at 37 °C. The following morning, cells were har-
vested in 150 pl of passive lysis buffer (Promega, Madison, WI), and 60
ul of lysate was added to each well of a black 96-well plate followed by
50 pl of luciferase assay reagent (Promega). Luminescence was meas-
ured using a Packard TopCount microplate scintillation counter.

Statistical Analyses of Gene Screen Data—Simple statistical analy-
ses were conducted to examine the association between siRNA and
RNase H oligonucleotide screens. Similarity between the two screens
for a given gene was measured by using correlation coefficients and
average difference. Two different correlation measures were employed:
Pearson’s product-moment correlation coefficient, which measures a
linear relationship between siRNA and RNase H oligonucleotide
screens, and Spearman’s rank-order correlation coefficient, which
measures a linear relationship between the potency of siRNA and
RNase H oligonucleotide screens. One-sample one-tailed ¢ tests were
conducted for observed correlation coefficients to assess whether they
are significantly greater than the null hypothesis of no correlation.
Statistical inference on observed average difference was conducted by
randomizing sample pairs of siRNA and RNase H oligonucleotide
screen. Again, one-tailed tests were used to determine whether the
observed distances are significantly smaller than those expected from
random chance. The association between siRNA and RNase H oligonu-
cleotide screen was further examined by the receiver operating charac-
teristic (ROC) analysis. First, siRNAs were classified as potent when
the percentage inhibition rate was smaller than the median value of
67.4% for the CD54 siRNA screen and 57.1% for the PTEN screen. An
arbitrary cut-off was then set for RNase H oligonucleotide screens.
RNase H oligonucleotides with percentage inhibition rates smaller than
this cut-off value were classified as potent. From the classification of
siRNAs and RNase H oligonucleotides, a 2 X 2 contingency table was
constructed. Finally, true positive rate (TPR) and false positive rate
(FPR) were determined based on this table. For example, TPR is the
number of cases where potent RNase H oligonucleotides correspond to
potent siRNAs divided by the number of potent siRNAs. Similarly, FPR
is the number of cases where potent RNase H oligonucleotides corre-
sponds to nonpotent siRNAs divided by the number of nonpotent
siRNAs. For CD54, a cut-off value of 70% gives TPR = 75% and FPR =
45%. For the PTEN gene, a cut-off of 40% gives TPR = 72% and FPR =
44%. By varying these cut-off values, a ROC curve can be drawn on a
plane spanned by FPR and TPR. The area under the ROC curve pro-
vides a measure of overall accuracy.

RESULTS

Active RNase H-dependent Antisense Oligonucleotide Target
Sites Predict siRNA Target Sites—Since both siRNAs and
RNase H-dependent oligonucleotides must hybridize to target
RNA and subsequently direct specific RNases to bind and
cleave the bound RNA (15, 28), we examined whether an active
RNase H oligonucleotide site would also be an active siRNA
site. Initially, siRNAs were designed and synthesized based
upon the target sequences of active RNase H oligonucleotides
previously identified. ISIS 5132 is a 20-base phosphorothicate
oligodeoxynucleotide that targets the 3'-untranslated region of
human c-raf kinase mRNA and specifically reduces expression
of both mRNA and protein (29). An siRNA duplex (si5132)
composed of 21-nt sense and 21-nt antisense strands was de-
signed using the first 19 nucleotides of the target site for ISIS
5132 in the paired region and unpaired 2-nt 3'-dTdT over-
hangs. T24 cells were treated with oligonucleotides at doses
ranging from 3 to 300 nM as detailed under “Experimental
Procedures.” Total RNA was analyzed for expression of c-raf
mRNA by quantitative RT-PCR. The results, shown in Fig. 14,
are normalized to GAPDH mRNA expression. Both ISIS 5132
(solid bars) and the corresponding siRNA to the same target
site (open bars) were found to inhibit the expression of the ¢-raf
kinase mRNA, each with an IC;, of ~50 nM. siRNAs targeted to
human CD54 and Bel-X had no effect on the expression of ¢c-raf
(data not shown).

Chimeric oligonucleotides in which 2'-O-methoxyethyl (2'-
MOE) substituted nucleosides flank a central unmodified 2'-
oligodeoxynucleotide region that serves as substrate for RNase
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FiG. 1. Comparative activity of RNase H-dependent oligonu-
cleotides and siRNA oligonucleotides. T24 cells were dosed at
3-300 nM with RNase H or siRNA oligonucleotides as detailed under
“Experimental Procedures.” Total RNA was harvested the following
day, and mRNA expression was assessed by quantitative RT-PCR.
Results shown represent percentage of untreated control expression.
All expression data are normalized to GAPDH mRNA expression. A,
c-raf kinase; B, Bel-X; C, PTEN. Solid bars, RNase H-dependent oligo-
nucleotides; open bars, siRNA.

H region have been shown to have increased potency and
duration of action as compared with phosphorothioate oligode-
oxynucleotides (22). ISIS 16009 is a 20-base chimeric oligonu-
cleotide that has previously been demonstrated to be an effec-
tive inhibitor of human Bcl-X (31). Another 20-base chimeric
oligonucleotide, ISIS 116847, has been shown to effectively
inhibit expression of the human PTEN gene (32). The siRNA
versions, si16009 and sil16847, as well as the homologous
parent RNase H-dependent oligonucleotides were transfected
into T24 cells at doses ranging from 10 to 200 nM. In both cases
the 2'-MOE chimeric RNase H-dependent oligonucleotides (sol-
id bars) were slightly more potent inhibitors of mRNA expres-
sion than the corresponding siRNA (open bars) (Fig. 1, B and
C). In the case of Bcl-X, the RNase H-dependent oligonucleotide
has an IC;, of ~30 nM, whereas the siRNA version, 5116009,
has an ICy, of ~100 nM. PTEN is more potently inhibited, with
IC;, values of 10 and 25 nM for the RNase H oligonucleotide
and siRNA, respectively.

RNase H-dependent oligonucleotides and siRNAs were also
compared for activity in T24 cells against CD54 (ICAM-1), a
gene whose expression is induced by cytokine treatment. ISIS
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TaBLE 1
Sequence of CD54 RNase H-dependent oligonucleotides and siRNAs
All oligonucleotides are full phosphorothioate with 2'-0-methoxyethyl substitutions at positions 1-5 and 16-20 (boldface type). Residues 6-15
are unmodified oligodeoxynucleotides, so they can serve as substrates for RNase H. The corresponding siRNAs use the same start position but are
19 rather thar 20 nucleotides in length and have dT4T additions at the 3'-end of each strand. The GenBank™ accession number for CD54

is J03132.

ISIS no. Start position Sequence Region

121725 8 AGAGGAGCTCAGCGTCGACT 5'-UTR
121726 33 GGCTGAGGTTGCAACTCTGA 5'-UTR
121727 256 CCAGGCAGGAGCAACTCCTT Coding
121728 321 TTGAATAGCACATTGGTTGG Coding
121729 422 GCCCACTGGCTGCCAAGAGG Coding
121730 571 TCTCTCCTCACCAGCACCGT Coding
121731 674 AAAGGTCTGGAGCTGGTAGG Coding
121732 732 GCGTGTCCACCTCTAGGACC Coding
121733 801 CCAGTGCCAGGTGGACCTGG Coding
121734 921 CCAGTATTACTGCACACGTC Coding
121735 1002 CCTCTGGCTTCGTCAGAATC Coding
121736 1121 GGTGGCCTTCAGCAGGAGCT Coding
121737 1221 CATACAGGACACGAAGCTCC Coding
121738 1341 CATCCTTTAGACACTTGAGC Coding
121739 1421 GCTCCTGGCCCGACAGAGGT Coding
121740 1501 GCTACCACAGTGATGATGAC Coding
121741 1622 TTGTGTGTTCGGTTTCATGG Coding
121742 1633 GGAGGCGTGGCTTGTGTGTT Coding
121743 1654 CCTGTCCCGGGATAGGTTCA Coding
121744 1666 CGAGGAAGAGGCCCTGTCCC 3'-UTR
121745 1711 TCCACTCTGTTCAGTGTGGC 3'-UTR
121746 1781 TCTGACTGAGGACAATGCCC 3'-UTR
121747 1818 TAGGTGTGCAGGTACCATGG 3'-UTR
121748 1924 CCTCTCATCAGGCTAGACTT 3'-UTR
121749 1971 CCAGTTGTATGTCCTCATGG 3'-UTR
121750 2012 GGGCCTCAGCATACCCAATA 3'-UTR
121751 2056 ATGCTACACATGTCTATGGA 3'-UTR
121752 2100 GCCCAAGCTGGCATCCGTCA 3'-UTR
121753 2103 AGTGCCCAAGCTGGCATCCG 3'-UTR
121754 2221 GCTCCGTGAGGCCAGAGACC 3'-UTR
121755 2291 CAGGCACTCTCCTGCAGTGT 3'-UTR
121756 2341 GAAAGGCAGGTTGGCCAATG 3'-UTR
121757 2417 GGTAATCTCTGAACCTGTGA 3'-UTR
121758 2531 GTCCAGACATGACCGCTGAG 3'-UTR
121759 2619 CTGGAGCTGCAATAGTGCAA 3'-UTR
121760 2731 TACACATACACACACACACA 3'-UTR
121761 2831 GCTGAGGTGGGAGGATCACT 3'-UTR
121762 2871 GGTGTGGTGTTGTGAGCCTA 3'-UTR
121763 2944 CTAACACAAAGGAAGTCTGG 3'-UTR
121764 3104 CAGTGCCCAAGCTGGCATCC 3'-UTR

2302, a first generation phosphorothioate oligodeoxynucle-
otide, hybridizes to the 3'-untranslated region of human CD54
(ICAM-1) and was previously shown to be a potent and specific
inhibitor of CD54 expression (33). Whereas ISIS 2302 reduced
ICAM-1 expression by 85%, si2302 had no inhibitory effect on
message levels at concentrations as high as 200 nM as meas-
ured by quantitative RT-PCR (data not shown).

Screening for Optimized RNase H and siRNA Oligonucleo-
tides—In order to identify potent antisense agents, many in-
vestigators design and test multiple oligonucleotides that tar-
get different sites and regions of the target mRNA (33, 34). To
determine if the lack of activity of the CD54 siRNA molecule
was due to suboptimal siRNA design or to a blocking activity
induced by TNF-« treatment, we designed 40 siRNA and 40
2'-MOE chimeric oligonucleotides to the same sites of the CD54
mRNA (Table I). The siRNA duplexes were composed of 21-nt
sense and 21-nt antisense strands, paired in a manner to have
a 19-nt duplex region and a 2-nt overhang at each 3’ terminus
(Table I). The target sites included various regions of the hu-
man CD54 message including 5'-untranslated region (5'-UTR),
coding region, and 3'-UTR. T24 cells were treated with oligo-
nucleotides at a single concentration of 100 nMm as described
under “Experimental Procedures.” Active sequences were iden-
tified in both the RNase H oligonucleotide and siRNA screens
(Fig. 2). In the RNase H oligonucleotide screen (solid bars), 12
of 40 oligonucleotides were found to inhibit expression of CD54

mRNA by greater than 50% as compared with the untreated
control, whereas the siRNA screen (open bars) identified 9 of 40
sequences as active by the same criteria. Comparison of the
active target sites revealed that five of the nine active siRNA
sites were also identified as active sites in the RNase H oligo-
nucleotide screen. Similarly, the majority of sites where the
RNase H-dependent oligonucleotide failed to inhibit expres-
sion, the siRNA also failed. The data also indicate that regions
of greater activity or “hot spots” along the RNA transcript can
be identified for both siRNA oligonucleotides and RNase H-de-
pendent oligonucleotides. For example, homologous siRNAs
and RNase H-dependent oligonucleotides both show good ac-
tivity in the ~200 nucleotide span from base 1781 to 1971 of the
3'-untranslated region. These results demonstrate that the
initial lack of activity for the CD54 directed siRNA molecules is
not due to induction of an inhibitory factor by TNF-« treatment
and that not all siRNA molecules designed to hybridize to an
RNA transcript are effective.

Cell surface CD54 protein expression was also evaluated by
flow cytometry, Comparison of mRNA reduction and protein
reduction for the siRNA and RNase H-dependent oligonucleo-
tides screens are shown in Fig. 3A. In general, the results are
highly correlated with the same active targets identified by
either mRNA or protein reduction. However, several oligonu-
cleotides were identified that appear to produce a more robust
reduction of protein compared with the corresponding RNA
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Fi16. 2. CD54 antisense screen. A se-
ries of 40 chimeric oligonucleotides de-
signed to work by an RNase H-dependent
mechanism and a series of corresponding
siRNAs were administered to T24 cells in
the presence of Lipofectin transfection re-
agent. The following day, CD54 expres-
sion was induced, and RNA was har-
vested. CD54 mRNA expression was
analyzed by quantitative RT-PCR. Re-
sults represent the percentage of induced
CD54 mRNA relative to untreated con-
trol. Solid bars, RNase H oligonucleo-
tides; open bars, siRNAs. The target site
start position is the 5'-most nucleotide in
the mRNA target.
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Fic. 3. Comparison of mRNA and
protein reduction in CD54 siRNA oli-
gonucleotide screen, A, cell surface ex-
pression of CD54 was analyzed by flow

cytometry following siRNA administra-
tion and overnight induction of CD54 as
detailed under “Experimental Proce-
dures.” Solid bars, mRNA reduction;
striped bars, protein reduction. B, com-
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parison of RNase H-dependent oligonu-
cleotide and siRNA reduction of CD54 cell
surface protein expression. Results are
presented as percentage of untreated con-
trol expression. Solid bars, RNase H-
dependent oligonucleotides; oper bars,
siRNAs.
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(Fig. 3, A and B). Note, however, that CD54 RNA and protein
were measured at different times following TNF-« induction,

which may account for the discrepancies.

Statistical analyses described under “Experimental Proce-
dures” were applied to siRNA and RNase H oligonucleotide

screening data for CD54 mRNA reduction. The data were com-
posed of two independent RNase H oligonucleotide screens and
five independent siRNA screens that were averaged to produce
composite siRNA/RNase H-dependent oligonucleotide screens.
Pearson’s correlation coefficient was determined to be 0.424
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7113

TaBLe 11
Sequence of human PTEN RNase H-dependent oligonucleotides and siRNAs
All oligonucleotides are full phosphorothioate with 2'-O-methoxyethyl substitutions at positions 1-4 and 15-18 (boldface type). Residues 5-14
are unmodified 2'-oligodeoxynucleotides, so they can serve as substrates for RNase H. The corresponding siRNAs use the same start position but
are 19 rather than 18 nucleotides in length and have dTdT additions at the 3’-end of each strand. The GenBank™ accession number for

PTEN is U92436

ISIS no.

Start position Sequence Region
29574 19 CGAGAGGCGGACGGGACC 5-UTR
29575 57 CGGGCGCCTCGGAAGACC 5'-UTR
29576 197 TGGCTGCAGCTTCCGAGA 5'-UTR
29577 314 CCCGCGGCTGCTCACAGG 5'-UTR
29578 421 CAGGAGAAGCCGAGGAAG 5-UTR
29579 494 GGGAGGTGCCGCCGCCGC 5'-UTR
29581 671 CCGGGTCCCTGGATGTGC 5'-UTR
29582 757 CCTCCGAACGGCTGCCTC 5'-UTR
29583 817 TCTCCTCAGCAGCCAGAG 5 .UTR
29584 891 CGCTTGGCTCTGGACCGC 5'-UTR
29585 952 TCTTCTGCAGGATGGAAA 5'-UTR
29587 1106 GGATAAATATAGGTCAAG Coding
29588 1169 TCAATATTGTTCCTGTAT Coding
29589 1262 TTAAATTTGGCGGTGTCA Coding
29590 1342 CAAGATCTTCACAAAAGG Coding
29591 1418 ATTACACCAGTTCGTCCC Coding
29592 1504 TGTCTCTGGTCCTTACTT Coding
29593 1541 ACATAGCGCCTCTGACTG Coding
29595 1694 GAATATATCTTCACCTTT Coding
29596 1792 GGAAGAACTCTACTTTGA Coding
29597 1855 TGAAGAATGTATTTACCC Coding
29599 2020 GGTTGGCTTTGTCTTTAT Coding
29600 2098 TGCTAGCCTCTGGATTTG Coding
29601 2180 TCTGGATCAGAGTCAGTG Coding
29602 2268 TATTTTCATGGTGTTTTA 3'-UTR
29603 2347 TGYTCCTATAACTGGTAA 3'-UTR
29604 2403 GTGTCAAAACCCTGTGGA 3'-UTR
29605 2523 ACTGGAATAAAACGGGAA 3'-UTR
29606 2598 ACTTCAGTTGGTGACAGA 3'-UTR
29607 2703 TAGCAAAACCTTTCGGAA 3'-UTR
29608 2765 AATTATTTCCTTTCTGAG 3'-UTR
29609 - 2806 TAAATAGCTGGAGATGGT 3'-UTR
29610 2844 CAGATTAATAACTGTAGC 3'-UTR
29611 2950 CCCCAATACAGATTCACT 3'-UTR
29612 3037 ATTGTTGCTGTGTTTCTT 3'-UTR
29613 3088 TGTTTCAAGCCCATTCTT 3'-UTR

with a p value of 0.0032, and Spearman’s correlation coefficient
was 0.426 with a p value of 0.0039. The average difference
between the two screens was 18.5% with a p value of 0.0056.
These results indicate that a significant overlap exists between
siRNA and RNase H oligonucleotide screens in terms of corre-
lation coefficients and average difference. The association be-
tween siRNA and RNase H oligonucleotide activity was further
analyzed using ROC analysis. The area under the ROC curve is
a summary of the overall diagnostic accuracy of the test that
measures the correspondence between potent siRNA and
RNase H-dependent oligonucleotide sites. The area under the
ROC curve is 0.75 for CD54, suggesting that a significant
concordance exists between siRNA and RNase H-dependent
oligonucleotide binding sites on target RNAs.

A second comparative analysis was performed using 36 2'-
MOE chimeric oligonucleotides, 18 nucleotides in length, and a
series of corresponding siRNAs (Table II) targeted to the hu-
man PTEN message. PTEN mRNA is constitutively expressed
in T24 cells. Cells were treated with siRNAs or RNase H-de-
pendent oligonucleotides as described under “Experimental
Procedures.” As defined by a target mRNA reduction of 50% or
greater, 22 of the 36 RNase H-dependent oligonucleotides (sol-
id bars) were identified as active (Fig, 4). In contrast, the
siRNA screen (open bars) identified only 12 of 36 sites as active,
defined by the same criteria. Of the 12 active siRNA oligonu-
cleotide sites, 10 were shared as active with the RNase H-de-
pendent oligonucleotide sereen, with only 2 of the active siR-
NAs not identified in the RNase H-dependent oligonucleotide
screen.

The RNase H/siRNA oligonucleotide screens for PTEN were
repeated three separate times. A statistical analysis of the
composite data from the three experiments was performed as
detailed above. Pearson’s correlation coefficient was deter-
mined to be 0.425 with a p value of 0.0049, and Spearman’s
correlation coefficient was 0.318 with a p value of 0.0299, The
average difference between the two screens was 21.3% with p
value of 0.0038. These results suggest that a significant asso-
ciation exists between siRNA- and RNase H-dependent oligo-
nucleotide screens in terms of Pearson’s correlation coefficient
and average difference. ROC analysis of these data give a value
of 0.588 for PTEN. Whereas the data for the PTEN screens are
not as highly significant as those for CD54, they do demon-
strate a reasonable, although not perfect, correlation between
siRNA and RNase H-dependent oligonucleotide binding sites.

Effect of RNA Secondary Structure on Activity—We have
previously demonstrated that the secondary structure of the
mRNA target strongly influences activity of RNase H-depend-
ent oligonucleotides in cell culture (26). A luciferase reporter
system was developed in which the target site for ISIS 5132
was cloned into the 5'-UTR of the luciferase reporter plasmid
pGL3-Control. Sequence immediately adjacent to the target
sequence was altered to form various RNA secondary struc-
tures that included the 5132 target sequence. These structures
ranged from one in which the entire target site was sequestered
in a 20-base stem closed by a UUGC tetraloop (pGL3-5132-520)
to one that had little predicted secondary structure likely to
inhibit hybridization of RNase H oligonucleotide to target
(pGL3-5132-80) (26).
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Fic. 4. PTEN oligonucleotide

screen. A series of 36 chimeric RNase
H-dependent oligonucleotides and a se-
ries of corresponding siRNAs were admin-
istered to T24 cells in the presence of Li-
pofectin reagent. After 16 h, total RNA
was harvested, and PTEN mRNA levels
were accessed by quantitative RT-PCR as
detailed under “Experimental Proce-
dures.” Results are the percentage of
PTEN mRNA relative to untreated con-
trol. Solid bars, chimeric RNase H oligo-
nucleotides; open  bars, siRNA
oligonucleotides.
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The activities of ISIS 5132 and si5132 were compared using
the pGL3-5132-S20 and pGL3-5132-S0 constructs. The re-
porter plasmids were transfected into COS-7 cells as detailed
under “Experimental Procedures.” Following the plasmid
transfection, cells were seeded in 24-well plates and treated
with ISIS 5132 or si5132 at doses ranging from 10 to 300 nm.
Lysates from the treated cells were assayed for luciferase ac-
tivity 16 h later. When directed against the message with no
structure (pGL3-5132-5S0), both ISIS 5132 (open circles) and
si5132 (open triangles) effectively reduced luciferase expression
in a dose-dependent manner with IC;, values between 30 and
100 nm (Fig. 5), which is consistent with the observed IC;, for
endogenous message reduction. Conversely, neither the RNase
H oligonucleotide (solid circles) nor siRNA (solid triangles)
were found to inhibit luciferase expression when directed
against the highly structured target (pGL3-5132-S20) at con-
centrations up to 300 nM. Therefore, the secondary structure of
the target has an equally important effect on reduction of
target RNA by both types of antisense oligonucleotides.

Sequence Specificity of RNase H-dependent Oligonucleotides
and siRNA—The sequence fidelity of the RNA interference
pathway has been evaluated to a limited extent in several
hallmark systems, including C. elegans (35) and Drosophila cell
extracts (28), and more recently in mammalian cell culture (9,
36). Several investigators have reported that incorporation of
one or two mismatches into a siRNA construct, with respect to
the target RNA, is sufficient to disable RNA interference
activity against the target RNA. A common attribute of each
of the mismatch constructs tested thus far, however, has been
location of the mismatches in the center domain of the con-
struct. To further define the fidelity of the RNA interference
pathway for perfect Watson-Crick base pair matched se-
quences, we tested an additional type of construct, wherein a
mismatch was incorporated in each of the 5'- and 3’-terminal
domains of the siRNA targeting PTEN (si116847). The same
mismatches were also incorporated into ISIS 116847, an
RNase H oligonucleotide. When the mismatches were placed
in the center of the sequence, a complete loss of activity was
observed for both siRNAs and RNase H-dependent oligonu-
cleotides at a concentration of 100 nM (Fig. 6). In contrast to
the duplex with two mismatches positioned in the center of
the siRNA (gridded bars), the siRNA with mismatches in the
outside domains (open bars) demonstrated only a moderate
loss of activity in comparison with the perfect match con-
struct (cross-hatched bars). The results for the RNase H-de-
pendent oligonucleotide were similar, although the RNase
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Fi1G. 5. Inhibition of alternate structure clones by ISIS 5132/
si5132. Cells were transfected with luciferase reporter plasmids and
then treated with chimeric RNase H-dependent oligonucleotide/siRNA
at doses ranging from 3 to 300 nM. Luciferase expression was measured
the following day. Results are the percentage of luciferase expression
compared with the untreated control. Open circles/triangles,
pGL5132-S0 target; solid circles/triangles, pGL5132-S20 target. Circles,
ISIS 5132. Triangles, si5132.

H-dependent oligonucleotide containing mismatches on the
ends demonstrated a greater loss of activity than was ob-
served for the homologous siRNA (71% versus 52% control).

Comparison of Potency and Efficacy—Comparison of the rel-
ative potency of siRNAs directed to the same site on the target
RNA as an optimized RNase H oligonucleotide revealed that
the RNase H oligonucleotide exhibited similar or better potency
as defined by IC;, values compared with the siRNA (Fig. 1).
The siRNA and RNase H-dependent oligonucleotides also ex-
hibited a similar level of efficacy as defined by the maximal
level of target RNA reduction. Since the siRNA molecules used
for these analysis were not selected as the optimal siRNA
molecules for the respective target based upon screening nu-
merous siRNA sequences, we compared the most effective
siRNA molecule derived from the siRNA screen (Fig. 4) with an
optimized second generation chimeric oligonucleotide to PTEN.
The different antisense agents, tested at concentrations rang-
ing from 10 to 200 nM in T24 cells, produced a similar dose-
response curve with IC;, values near 10 nm (Fig. 7A). Addition-
ally, both agents reduced PTEN mRNA levels by greater
than 90%.

Similarly, the most effective siRNA from the CD54 screen
was compared with its corresponding second generation RNase
H oligonucleotide, which showed a similar degree of efficacy in
the primary screen. T24 cells were treated with either the
siRNA, 81121747, or the oligonucleotide, ISIS 121747, at con-
centrations ranging from 10 to 200 nMm. As with PTEN, the
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Fic. 6. Sequence specificity of RNase H and siRNA oligonu-
cleotides. The effect of base mismatches on siRNA/RNase H-depend-
ent oligonucleotides activity was evaluated. Two mismatches were in-
corporated in the center (MM2_2) or on the ends (MM2_1) of the ISIS
116847 or si116847 sequence as shown. Sequence changes in the
MM2_1 and MM2_2 oligonucleotides are underlined. The day after
RNase H-dependent oligonucleotide/siRNA treatment, total RNA was
harvested, and PTEN mRNA reduction was assessed by quantitative
RT-PCR. The results shown are percentage of untreated control expres-
sion. Black bars, mock-treated; cross-hatched bars, perfect match; open
bars, 2MM_1; gridded bars, 2MM_2.

CD54 siRNA and chimeric oligonucleotide produced similar
dose-response curves with IC,, values of ~15 nu for the siRNA
and 30 nm for the oligonucleotide for reduction of TNF-a-in-
duced CD54 mRNA expression. The efficacy was almost iden-
tical with maximal reduction of ~85% for both antisense
agents.

Duration of Action—We compared the duration of action of a
second generation RNase H oligonucleotide and siRNA in T24
cells using human Bel-X as a target (Fig. 8). Cells were seeded
in six-well dishes so that they would be 80-90% confluent at
the time of harvest. In T24 cells, inhibition of Bel-X by siRNA
(open bars) was found to be maximal at 24 h post-transfection
and returned to normal levels by day 5. The results were
similar for RNase H oligonucleotide treatment (solid bars) ex-
cept that maximal activity was achieved at 8 h. In both cases,
activity began to taper off between 48 and 96 h, and by 120 h,
no significant inhibition of targeted message was seen with
either the RNase H oligonucleotide or the siRNA.

Effects of Targeting Intron Sequences—To compare the site of
activity of siRNA oligonucleotides and RNase H-dependent ol-
igonucleotides and directly, siRNA duplexes were designed
based upon several previously identified active RNase H oligo-
nucleotide sites that target intron sequences (shown in Table
III), with the assumption that RNA transcripts containing in-
trons would only be found in the nucleus. The target sites for
COREST and PAKI1 are contained completely within the in-
trons, whereas the target sites for caspase recruitment domain
4 and Notch homolog 2 overlap the indicated intron/exon
boundary with 10 nucleotides on either side (Table III). T24
cells were treated with the RNase H oligonucleotide or the
corresponding siRNA at a single dose of 200 nM as described
above. The results are shown in Fig. 9. In all cases, the RNase
H oligonucleotides effectively reduced the targeted message
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Fic. 7. Comparative potency. T24 cells were dosed at 10-200 nm
with optimized RNase H oligonucleotides or siRNAs. Total RNA was
harvested the following day, and mRNA expression was assessed by
quantitative RT-PCR. Results shown are percentage of untreated con-
trol expression. All expression data are normalized to GAPDH mRNA
expression. A, PTEN; B, CD54 (ICAM-1). Solid bars, RNase H-depend-
ent oligonucleotides; open bars, siRNA.
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Fic. 8. Duration of action. Cells were seeded in six-well dishes so
that they would be 80-90% confluent at the time of harvest. RNase
H-dependent oligonucleotide/siRNA treatment was at 100 nM with ISIS
16009 or si116009 as detailed above. Total RNA was harvested 8, 24, 48,
72, 96, 120, and 144 h after the initiation of transfection. Bel-x mRNA
levels were accessed by quantitative RT-PCR and normalized to
GAPDH expression in the same cells. Solid bars, RNase H-dependent
oligonucleotide; open bars, siRNA.

(striped bars), whereas an RNase H oligonucleotide targeted to
another gene, tumor necrosis factor receptor 2, had no effect on
gene expression (gray bars). In contrast, the homologous
siRNAs did not reduce mRNA levels for any of the four genes in
which introns were targeted (open bars); nor was any nonspe-
cific reduction observed using siRNAs targeted to tumor necro-
sis factor receptor 2 (cross-hatched bars). As a control, another
gene, c-raf, was included, in which the target was in the exon.
As previously demonstrated (Fig. 14), the siRNA targeted to
the c-raf exon did reduce message expression. These data sup-
port the hypothesis that siRNA activity is primarily cytoplas-
mic and therefore does not interact with pre-mRNA.

DISCUSSION

Multiple mechanisms exist by which synthetic oligonucleo-
tides can be used to regulate gene expression in mammalian
cells (12). To date, the most successful strategy has been to

806127

7115

1102 ‘L J3qWIBAON UO ‘[EQOID) SIMEAON 1e B10"og] mmm WOy papeojumog



7116

siRNA/RNase H-dependent Antisense Comparative Analysis

TasLE IIT
Sequences of RNase H oligonucleotides targeting intron sequences
Gene name ISIS no. Sequence Location
CoRest 165031 AATCCCAGCTACTCGGGAGG Intron 2
Notch (Drosophila) homolog 2 226968 AAGCCCTTACTTGCATGTCT Exon 25:intron 25
PAK1 232214 GCCTGAAGCACTGAACAGTA Intron 5
Caspase recruitment domain 4 199213 CGAGCTATTACCACAGTATT Exon 1l:intron 11

3
o

=
S
T

o
i=3
T

@
1=
T

w
=]
T

% control mRNA (qRT/PCR)

CoRest Notchz  PAKY  CARDS  G.RAF
Gene

Fic. 9. Effect of intron targeting. siRNA duplexes were designed
based upon several previously identified active RNase H-dependent
oligonucleotide sites that target intron sequence (shown in Table III).
Cells were treated with siRNAs and homologous RNase H-dependent
oligonucleotides at 200 nM, and total RNA was harvested 20 h after the
initiation of transfection. mRNA levels for each gene were accessed by
quantitative RT-PCR normalized to GAPDH expression. Black bars,
mock-transfected; striped bars, specific RNase H-dependent oligonu-
cleotide; open bars, specific siRNA; gray bars, RNase H-dependent
oligonucleotide control; cross-hatched bars, siRNA control.

design oligonucleotides that hybridize to a target RNA by
Watson-Crick base-pairing rules (i.e. antisense oligonucleo-
tides). Once bound, antisense oligonucleotides can disable tar-
get RNAs by two broadly defined processes: disruption of RNA
function by occupancy of critical sites and degradation of tar-
geted RNA. Within these two broadly defined processes, mul-
tiple mechanisms are possible. Examples of “occupancy only”
mechanisms include inhibition of translation (37), modulation
of pre-mRNA splicing (38), and modulation of polyadenylation
(89). In each case, the antisense oligonucleotides were found to
be potent and selective regulators of gene expression.

Several endogenous enzymes can be exploited to promote
targeted cleavage of RNAs in cells. One of the most widely
exploited mechanisms is RNase H-mediated cleavage of tar-
geted RNA. RNase H represents a ubiquitously expressed fam-
ily of cellular enzymes that hydrolyze the RNA strand of an
RNA-DNA heteroduplex. There are additional RNases present
in mammalian cells that can be exploited for antisense inhibi-
tion of gene expression. As an example, we have reported that
a single-stranded phosphorothicate modified RNA molecule
can promote selective loss of Ha-ras in human cells (40).

Small interfering RNAs have been gaining widespread ac-
ceptance as a valuable tool for inhibiting gene expression in
mammalian cells. In mammalian cells, like RNase H-depend-
ent oligonucleotides, siRNAs bind to targeted RNA by Watson-
Crick base pairing and induce site-specific cleavage of the RNA
by specific RNases. The RNase that recognizes the duplex
formed by the siRNA molecule has not been identified to date;
however, the substrate specificity suggest that it is a double-
stranded specific RNase (28). Since siRNA is an antisense
mechanism resulting in loss of target RNA, we sought to di-
rectly compare siRNA-mediated with RNase H-mediated deg-
radation of target RNA (12).

It has recently been reported that siRNA efficacy is highly
dependent upon target position (36). Since RNase H-dependent
oligonucleotides are also known to be dependent upon target
position (34, 41), siRNAs were designed to previously identified
RNase H-dependent oligonucleotide binding sites to determine

whether active RNase H-dependent oligonucleotide binding
sites would be predictive of active siRNA sites. In three of four
cases (ISIS 5132, ISIS 116847, and ISIS 16009), active siRNAs
that targeted a site previously shown to be a good target site for
RNase H-dependent oligonucleotides showed activity compara-
ble with that of the RNase H-dependent oligonucleotide. One
hypothesis for the lack of activity observed against the ISIS
2302 target, CD54, was that the siRNA mechanism is not
amenable to silencing of TNF-a-induced genes. This turned out
not to be the case, since screening 40 siRNA molecules target-
ing different regions of the CD54 mRNA identified several
active siRNAs,

Analysis of oligonucleotide screens against both CD54 and
PTEN confirmed that target position is an important factor in
determining siRNA activity. Our data suggest that there is an
imperfect correlation between RNase H and siRNA oligonucleo-
tide activity when they are designed to bind different regions of
the target RNA. In general, sites on the target RNA that were
not active with RNase H-dependent oligonucleotides were sim-
ilarly not good sites for siRNA. Conversely, a significant degree
of correlation between active RNase H oligonucleotides and
siRNA was found, suggesting that if a site is available for
hybridization to an RNase H oligonucleotide, then it is also
available for hybridization and cleavage by the siRNA complex.
However, some exceptions were noted, with sites identified
that apparently were poor RNase H-dependent oligonucleotide
targets but effective siRNA targets and vice versa. This dichot-
omy could be due to additional factors other than RNA acces-
sibility, such as sequence preferences for the respective nucle-
ases. Differences in activity between siRNAs and RNase H-
dependent oligonucleotides may also result from structural
differences between pre-mRNA and mRNA, which appear to be
the targets for RNase H and siRNA oligonucleotides, respec-
tively. Our data suggest that the secondary structure of the
target RNA is an important determinant of activity for both
siRNA and RNase H antisense oligonucleotides, and it can be
assumed that the structure of a pre-mRNA containing intron
sequences will be different from the structure of mature
mRNA,

To determine whether siRNA molecules were more potent or
effective inhibitors of gene expression in human cells, we com-
pared an optimized siRNA molecule to an optimized 2’'-MOE
chimeric antisense molecule targeting either PTEN or CD54.
In both cases, the oligonucleotides working by either antisense
mechanism exhibited similar potencies in T24 cells. Addition-
ally, both types of oligonucleotides inhibited the respective
target genes by more than 90%. Some investigators have re-
ported greater siRNA efficacy in cultured cells (9, 36). However,
others have reported activity comparable with what we report
in this paper (11, 42, 43). One possible explanation for this
difference would be that the siRNA molecules used in our
studies were not optimally designed. For example, it has been
demonstrated that a 5'-phosphate group is required for optimal
siRNA activity (44). Since the siRNA oligonucleotides used in
these experiments were not synthesized with 5'-phosphates, it
is possible that greater potency would have been observed had
the siRNA oligonucleotides been phosphorylated. However,
published experiments (45) have revealed that there are no
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differences in efficiencies of 5’-phosphorylated and nonphos-
phorylated siRNAs in mammalian cells, since siRNA duplexes
with free 5'-hydroxyls and 2-nt 3’ overhangs are readily phos-
phorylated in the cell. OQur own results confirm these observa-
tions (i.e. we did not see an increase in activity with siRNA
molecules containing a 5'-phosphate) (data not shown). A more
plausible explanation for the decreased siRNA potency in our
study compared with others is the method chosen to quantify
target reduction. Most other published studies have measured
siRNA efficacy at the protein level. We chose instead to assay
target reduction at the mRNA level using quantitative RT-
PCR. Comparison of target protein and mRNA reduction dem-
onstrates that several oligonucleotides appear to produce a
more robust reduction of protein compared with the corre-
sponding mRNA (Fig. 3, A and B). Additionally, the extreme
sensitivity of quantitative RT-PCR compared with other assay
methods may overrepresent RNA reduced to very low levels.

Both siRNA and the RNase H-dependent oligonucleotides
gave similar duration of action in cultured cells, each showing
a gradual recovery of mRNA expression over 4—6 days. These
results are in agreement with those reported previously for
siRNAs (36) and second generation RNase H oligonucleotides
(22). First generation phosphorothioate-modified oligode-
oxynucleotides exhibit a duration of action and tissue half-life
ranging from 24 to 48 h (46, 47). In contrast, the second gen-
eration 2’-MOE-modified oligonucleotides used for the these
studies exhibit a significant increase in nuclease resistance,
resulting in a prolonged duration of action and tissue half-life
from 5 to 10 days (22, 23). If one takes into account the biosta-
bility of phosphorothioate-modified 2'-MOE antisense (23, 48)
and predicted stability of unmodified double-stranded RNA
oligonucleotides, this result is somewhat surprising and sug-
gests that the siRNA molecules may be protected from nucle-
ases in cells. From this limited comparison, the onset of the
RNase H-dependent activity appears to be slightly earlier than
that of the siRNA. This may be a result of differences arising
from the RNase H oligonucleotide acting in the nucleus on the
pre-mRNA while siRNA acts cytoplasmically on the mature
mRNA. Our data as well as other published data (49, 50)
suggest that the siRNA mechanism of action is restricted to the
cytoplasm. In contrast, our results as well as previous publica-
tions (51, 52) suggest that RNase H oligonucleotides are capa-
ble of binding to pre-mRNA in the cell nucleus. There may be
specific applications in which it may be desired to utilize an
RNase H oligonucleotides to inhibit all RNA variants derived
from a single transcript or alternatively to selectively discrim-
inate alternative spliced transcripts using siRNA in the
cytoplasm.

The fidelity for perfect base pair matches for both types of
oligonucleotides was investigated by designing oligonucleotides
with internal or external 2-base mismatches. Activity was com-
pletely lost when 2-base mismatches were made in the central
domain of either the RNase H-dependent oligonucleotide or
siRNA. When mismatches were placed near the ends of the
sequence, activity was reduced, but not completely. The loss of
activity was greater for the RNase H-dependent oligonucleotide
than the siRNA but not significantly so. Therefore, the two
types of antisense oligonucleotides exhibit similar sequence
selectivity.

In conclusion, we have compared RNase H-dependent anti-
sense oligonucleotides with siRNA molecules targeting several
human genes in cell-based assays. These studies have demon-
strated that optimized siRNA and RNase H-dependent oligo-
nucleotides behave similarly in terms of potency, maximal ef-
fects, specificity, and duration of action and efficiency. It
remains to be determined whether siRNA molecules work
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broadly for in vivo applications. In a preliminary report of a
siRNA molecule delivered to mice, the authors administered
the oligonucleotide by rapid tail vein injection of a large volume
of fluid (high pressure delivery) (53). It is not clear whether
administration of siRNA molecules by more clinically accepta-
ble practices will result in effective delivery to target tissues. In
contrast, delivery of RNase H oligonucleotides to a variety of
target tissues by a parenteral and nonparenteral routes of
administration with subsequent inhibition of gene expression
has been well documented in rodents, non-human primates,
and humans (17, 23, 30, 32, 48, 54-57). Both strategies, how-
ever, appear to be equally valid approaches for cell-based anal-
ysis of gene function in vitro.

Acknowledgment—We thank John Reed for critical review of
the manuscript.
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Chemical Modification of siRNA
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ABSTRACT

The ability to manipulate the RNA interference (RNAi) machinery to specifically silence the
expression of target genes could be a powerful therapeutic strategy. Since the discovery that
RNAI can be triggered in mammalian cells by short double-stranded RNAs (small interfering
RNA, siRNA), there has been a tremendous push by researchers, from academia to big pharma, to
move siRNAs into clinical application. The challenges facing siRNA therapeutics are significant.
The inherent properties of siRNAs (polyanionic, vulnerable to nuclease cleavage) make clinical
application difficult due to poor cellular uptake and rapid clearance. Side effects of siRNAs have
also proven to be a further complication. Fortunately, numerous chemical modification strategies
have been identified that allow many of these obstacles to be overcome. This unit will present an
overview of (1) the chemical modifications available to the nucleic acid chemist for modifying
siRNAs, (2) the application of chemical modifications to address specific therapeutic obstacles,
and (3) the factors that must be considered when assessing the activity of modified siRNAs. Curr.
Protoc. Nucleic Acid Chem. 39:16.3.1-16.3.22. © 2009 by John Wiley & Sons, Inc.

Keywords: chemical modification e siRNA e oligonucleotide » immunostimulatory effects e

off-target effects

INTRODUCTION

The first report that long double-stranded
RNA could elicit specific gene silencing was
published in 1998 (Fire et al., 1998). This dis-
covery prompted a tremendous research ef-
fort to understand and manipulate the gene-
silencing pathway now referred to as RNA
interference (RNA1). Three years later a syn-
thetic trigger of the RNAi pathway in mam-
malian cells was identified (Elbashir et al.,
2001a). These short RNAI triggers are 21-nt
double-stranded RNAs aligned such that each
strand has a 2-nt 3’-overhang, and are referred
to as siRNAs. In recent years, siRNAs have
generated tremendous interest in the thera-
peutic field, and rightly so. siRNAs can be
used to silence the expression of virtually any
gene. The potential applications of siRNAs in
drug development are immediately obvious:
siRNAs can be used in cell culture to inhibit
specific genes as a means of target validation,
and/or siRNAs can themselves be drugs used
to silence therapeutic targets.

The transition of siRNAs from the labo-
ratory to the clinic has met with some sig-
nificant obstacles. The polyanionic phospho-
diester backbone of siRNA hinders cellular
uptake, and numerous cellular enzymes are
capable of rapidly degrading RNA strands,
making for poor pharmacokinetics. Further-

more, it is becoming increasingly clear that
siRNAs can elicit undesirable side effects.
siRNAs can act like microRNAs (miRNAs)
and affect the expression of unintended genes
through partial complementarity. More re-
cently, it has been discovered that siRNAs can
be potent stimulants of the innate immune sys-
tem (Robbins et al., 2009). Mammalian cells
have receptors that recognize dsRNA (often
a hallmark of viral infection), which can be
triggered by siRNAs to produce inflamma-
tory cytokines. Recent findings suggest that
these immune responses to siRNAs may con-
fuse gene-silencing outcomes, and may pro-
duce unwanted and potentially dangerous side
effects. All of these side effects are collectively
termed “off-target” effects.

Fortunately, a variety of chemical modifi-
cations have been proposed to address these
issues. This overview describes a wide range
of chemical modifications that have been ap-
plied to siRNAs, and provides examples of
how these modifications can improve po-
tency and serum stability, and reduce off-
target and immunostimulatory side effects.
The goal of this review is to provide the
nucleic acid researcher with an overview of
the state of the art, and a comprehensive
guide for the design of chemically modified
siRNAs.
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Figure 16.3.1 The mechanism of RNAi in human cells triggered by exogenously introduced
dsRNAs. The largest of the ellipses represents AGO2, the catalytic engine of RISC. Adapted from

Watts et al. (2008), with permission from Elsevier.

A detailed understanding of the mecha-
nism of RNAi and the enzymes involved is
invaluable when designing chemically mod-
ified siRNAs, an overview of which can be
found in UNIT 6.1, For the purposes of this
overview, a brief description of the RNAI
process is included in Figure 16.3.1. Briefly,
when an exogenous 19- to 21-bp siRNA is

introduced into a mammalian cell, the 5
end i§ phosphorylated by Clp-1, a cellular
kinase (Weitzer and Martinez, 2007). The
siRNA is then loaded into the RNA-induced
silencing complex (RISC). This multiprotein
complex includes Argonaute2 (AGO2), Dicer,
TRBP (HIV-1 TAR RNA-binding protein),
and PACT (a dsRNA binding protein), as
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well as other proteins, some of which remain
unknown (Rana, 2007). The structural and
mechanistic aspects of both Dicer and Arg-
onaute2 have been recently reviewed (Jinek
and Doudna, 2009).

siRNAs are double-stranded molecules,
and the two strands play very different roles in
RNAI. One strand, referred to as the guide or
antisense strand, is loaded into the RISC com-
plex and will function to direct RISC to com-
plementary mRNAs for post-transcriptional
gene silencing (PTGS). The other strand, re-
ferred to as the passenger or sense strand,
is simply cleaved and/or unwound from the
guide strand upon RISC loading. It appears
that RISC differentiates between the guide and
passenger strands based on the thermodynam-
ics of the siRNA duplex. It has been reported
that the strand with lower binding affinity at
its 5'-end preferentially becomes the guide
strand (Khvorova et al., 2003; Schwarz et al.,
2003). The other strand is designated as the
passenger strand. It is cleaved and unwound,
generating a single RNA guide strand asso-
ciated with AGO2, which is an endonuclease
at the heart of RISC and promotes hybridiza-
tion and cleavage of mRNAs complementary
to the guide strand (Jinek and Doudna, 2009).
When modifying an siRNA duplex, it is im-
portant to recognize that different modifica-
tion approaches are required for the sense and
antisense strands, because of their very differ-
ent roles (Parrish et al., 2000; Hamada et al.,
2002).

It is typically assumed that the mecha-
nism of siRNA-mediated gene silencing is
unchanged in chemically modified siRNAs.
Studies using modified siRNA have confirmed
this by showing that the cleavage of com-
plementary mRNA occurs between bases 10
and 11, counting from the 5'-end of the guide
strand, which is the same result as for un-
modified duplexes (Soutschek et al., 2004,
Kraynack and Baker, 2006; Ui-Tei et al., 2008;
Judge et al., 2009). In principle, this should be
verified for each new pattern of modification.

METHODS FOR DESIGNING
MODIFIED siRNA

Choosing the Right Sequence

Many factors must be considered in the de-
sign of an effective and specific siRNA. Firstly,
the chosen siRNA sequence must be unique
to the intended mRNA target. Even incom-
plete complementarity to unintended mRNAs
can result in significant unwanted off-target
effects (Jackson et al.,, 2006a). For exam-
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ple, the silencing ability of siRNAs doubly
mismatched to mRNA targets has been thor-
oughly analyzed. Results indicate that in some
cases doubly mismatched siRNAs could still
effect >50% gene silencing (Dahigren et al.,
2008). Because siRNAs can sometimes enter
microRNA-type pathways, which silence gene
expression based on complementarity to the
miRNA “seed region” (the 6-7 nucleotide re-
gion at the 5’ end of the guide strand), siRNAs
should be designed to reduce seed-region
complementarity to other genes as much as
possible.

Additional considerations include the avail-
ability of the targeted region of the mRNA
for RISC binding. Secondary structure can in-
terfere with RISC-mediated mRNA cleavage,
and so prediction of mRNA secondary struc-
ture can be useful (Brown et al., 2005; Gredell
etal., 2008; Rudnick et al., 2008). Experiments
can also be used to identify accessible mMRNA
regions (Sokol et al., 1998; Lee et al., 2002).

These factors can complicate siRNA de-
sign. Fortunately, computer programs have
been developed that take these and other fac-
tors into account. Many of them are extremely
user friendly, and can be invaluable when de-
signing siRNAs. Some noteworthy programs
include:

BIOPREDsi  (http://fwww.biopredsi.org):
This site was developed by the Novartis Insti-
tutes for BioMedical Research. It requires and
provides only essential information. Input is a
gene Accession number or gene sequence, and
output is a user-defined number of optimized
siRNA sequences (Huesken et al., 2005).

Whitehead siRNA Selection Web Server
(http:/fjura.wi.mit.edu/bioc/siRNAext):  This
Web site was developed and is hosted by the
Whitehead Institute. It is somewhat more com-
plex, giving a large number of possible du-
plexes along with their properties, e.g., ther-
modynamic properties. An off-target search
can be done for each duplex, within the site,
but in a separate step (Yuan et al., 2004).

For an excellent guide to siRNA sequence
selection, see Pei and Tuschl (2006). Other
siRNA design algorithms are reviewed by
Boese et al. (2005).

It is useful to test several duplexes target-
ing a gene, even after using a sclection Web
site. The most thorough way to identify highly
active siRNA sequences is to test as many as
100 to 200 sequences against a given mRNA
(Choung et al., 2006; Manoharan and Rajeev,
2007), looking for the duplexes with the best
gene silencing activity and minimum off-target
effects. Furthermore, individual sequences
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Figure 16.3.2 Functional siRNA architectures. The sense strand is always shown on top, in the 5 to 3’ direction,
and the antisense strand is on the bottom, in the 3’ to 5 direction. Note that three of the structures (25/27mer,
hairpin, and dumbbell) require the activity of Dicer before incorporation into RISC. Adapted from Watts et al. (2008),
with permission from Elsevier.

respond differently to chemical modifications,
and modifications beneficial for one siRNA se-
quence may be detrimental to another. There-
fore, a variety of chemical modifications
should be included in the sequence screen from
fairly early in the process.

Choosing an siRNA Architecture

The canonical siRNA architecture is a 21-nt
antiparallel, double-stranded RNA with 2-nt 3’
overhangs (Elbashiret al., 2001a). The canoni-
cal siRNA design mimics the product of Dicer
processing of long dsRNAs (Zamore et al.,
2000; Bernstein et al., 2001). In the naturally
occurring cellular pathway, these Dicer cleav-
age products are the effector molecules loaded
into RISC to effect gene silencing. However,
researchers have discovered that a much wider
variety of duplexes can be incorporated into
the RNAI pathway.

Indeed, we now understand that siRNA
overhangs are particularly amenable to modi-
fications. The use of 2’-deoxynucleotide units
in the 3’-overhangs has been common since the
earliest siRNA experiments; it reduces the cost
of oligonucleotide synthesis and may increase
resistance to 3’-exonucleases (Elbashir et al.,
2001a). Of course, RNA units also work well
(Holen et al., 2002). Perhaps more interest-
ingly, most of the chemistries reviewed below
are well tolerated in the overhangs as well (i.e.,
accepted by the RNAi machinery without loss
of potency).

Blunt-ended siRNAs have also been used
(Czauderna et al., 2003) because blunt-ended
duplexes are more resistant to 3’-exonucleases.
In addition, one study reported a greater tol-
erance to chemical modifications in combina-
tion with blunt-ended duplexes (Kraynack and
Baker, 2006). However, blunt-ended siRNAs
can be more immunogenic than duplexes with

PAZ domain (Lingel et al., 2003; Song et al.,
2003; Yan et al., 2003; Ma et al.,, 2004). So,
the 3’ nucleotide overhangs can be replaced
by aromatic groups (described as “universal
overhangs” due to the lack of base pairing),
improving nuclease stability without harming
activity (Ueno et al., 2009).

Chemical phosphorylation of the 5'-end of
the antisense strand can help ensure high po-
tency, and may be necessary when the 5'-
end of the strand is modified (Fisher et al.,
2007; Watts et al., 2007; Zhang et al., 2009).
Conversely, 5'-phosphorylation of the sense
strand can be blocked without loss of activity
(Nykanen et al., 2001; Czauderna et al., 2003).
In fact, blocking sense strand phosphorylation
can be beneficial, ensuring proper guide strand
selection by RISC (Chen et al., 2008).

The siRNA architecture itself can be mod-
ified via chemical synthesis (Fig. 16.3.2).
While most siRNA duplexes are made up of
two strands, an siRNA made of three strands
(an intact antisense strand and two 9- to 13-nt
sense strands) can reduce off-target effects and
increase potency; the resulting nicked duplex
is termed small internally segmented interfer-
ing RNA (sisiRNA; Bramsen et al., 2007).

Functional siRNA can also be made from
just one strand, in any of the following
ways: Hairpin-type duplexes, made from a
single strand, can be introduced exogenously
(Siolas et al., 2005) or expressed within a
cell (Brummelkamp et al., 2002; reviewed in
Banan and Puri, 2004). Dumbbells or nanocir-
cles, made by closing the open end of the
hairpin, retain RNAIi activity while provid-
ing complete protection from exonucleases
(Abe et al., 2007). Finally, a single-stranded
antisense RNA (not folded into a duplex
at all) has been shown to enter the RNAI
pathway, with potency occasionally approach-

Modi ﬁCh:_mica; 3'-overhangs (Marques et al., 2006). ing that of duplex siRNA (Martinez et al.,
odt casi'g;\& It has been shown that the 3" overhang is 2002, Amarzguioui et al., 2003; Holen et al.,
———————— bound within a hydrophobic pocket of the  2003).
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Recent findings have also demonstrated
that asymmetrically designed siRNA duplexes
can be potent gene silencing agents, compa-
rable to canonical siRNAs. Indeed, siRNA
duplexes can vary significantly in the lengths
of either the sense or antisense strands. Asym-
metrical siRNAs can contain ssRNA regions
and comparatively short dsRNA regions with-
out impairing activity in many cases. Active
asymmetrical designs include 15 (sense, S)
+ 21 (antisense, AS) (Sun et al., 2008), 16
(S) + 21 (AS), 18 (S) +18 (AS) (Chu and
Rana, 2008), and 16 (S) + 19 (AS) (Chang
et al., 2009). Asymmetrical siRNA designs
are intriguing because several of these designs
significantly decrease off-targeting, especially
the sense strand mediated off-targeting that
occurs when the wrong strand is loaded into
RISC.

Asymmetry in siRNA overhangs can also
be beneficial in directing the proper guide
strand into RISC. Asymmetric siRNAs de-
signed such that the guide strand has a 2-nt
3'-overhang and the passenger strand lacks a
3'-overhang (blunt ended) can improve siRNA
potency (Sano et al., 2008). This effect is use-
ful for siRNAs with unfavorable thermody-
namics of loading.

The length of an siRNA duplex can be
altered. Most synthetic duplexes are 19 to
21 bp in length, designed to mimic the natural
products of the Dicer enzyme, which cleaves
long dsRNAs into substrates for RISC. On the
other hand, using a longer siRNA duplex can
make it a substrate for Dicer, and has been
found to increase potency of gene silencing
and stability to degradation (Kim et al., 2005;
Amarzguioui et al., 2006; Kubo et al., 2007).
Enhanced potency may result from a physi-
cal transfer of newly dicer-produced siRNA
to RISC. It is important to maintain a length
of <30 nt, to avoid triggering the interferon
response (Minks et al., 1979).

INCORPORATING MODIFIED
NUCLEOSIDES AND BACKBONE
LINKAGES

While careful sequence selection is essen-
tial and varying the architecture of an siRNA
duplex can provide certain advantages, this re-
view will focus on changing the chemical na-
ture of the oligos themselves. The rationale for
chemical modification is clear, and the right
chemical modifications can address nearly all
the shortcomings of siRNA therapeutics:

1. Nuclease stability can be significantly im-
proved.
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2. Cellular uptake can be increased.

3. Immunostimulation can be reduced (or in-
creased, if desired).

4. Off-targeting can be reduced.

This section will describe a wide variety

of chemical modifications compatible with
siRNA.

Sugar Modifications

The ribose sugar moiety is perhaps the
most attractive component for chemical modi-
fication. Changes in the sugar chemistry can
strongly influence sugar conformation, and
thus overall siRNA duplex structure. Sugar
modifications can improve endonuclease re-
sistance. siRNAs containing RNA-like nu-
cleoside analogues can pass under the immune
receptor radar screen without impairing gene
silencing activity. A wide variety of sugar
modifications can be used to modify siRNAs,
although often with limitations on position and
quantity. Various sugar modifications com-
patible with RNAI are described below (see
Fig. 16.3.3), with reference to features and
properties that are useful when designing mod-
ified siRNAs.

A number of successful siRNA modifica-
tions have focused on modification of the 2’
position. One of the earliest studies on chem-
ically modified siRNA showed that while A-
form duplex structure is important, the 2'-OH
is not required for active siRNA (Chiu and
Rana, 2003). DNA is perhaps the simplest
modification accepted within siRNA duplexes.
DNA has been used in the 3’-overhangs of syn-
thetic siRNAs since the beginning (Elbashir
et al., 2001a), and can be tolerated in lim-
ited numbers within the duplex region as well
(Parrish et al., 2000; Elbashir et al., 2001b;
Ui-Tei et al., 2008). An antisense strand made
entirely of DNA purines and 2'F-RNA pyrim-
idines is functional (Chiu and Rana, 2003),
since 2'F-RNA strongly favors a northern (C3'-
endo) sugar pucker and A-form helical struc-
ture, presumably directing the conformation of
the more flexible 2’-deoxynucleotides towards
northern, RNA-like conformations. dsDNA
can be used in the 8-bp region at the 5'-end
of the guide strand to produce active siRNAs
with reduced off-target effects (Ui-Tei et al.,
2008).

Binding affinity and nuclease stability
are increased by 2'-O-methylation of RNA,
and 2'-O-Me-RNA can be well-tolerated
throughout the siRNA duplex. This makes it
a popular and versatile siRNA modification.
Many groups have found that large numbers
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of 2’-0O-Me modifications (in either strand)
decrease siRNA activity (Elbashir et al,
2001b; Braasch et al., 2003; Chiu and Rana,
2003; Czauderna et al., 2003), but others re-
port that fully modified 2’-O-Me sense strands
are functional (Choung et al., 2006; Kraynack
and Baker, 2006). The retention of functional-
ity may be due to the 2'-O-Me modifications
being made in blunt-ended duplexes
(Kraynack and Baker, 2006), but at least
one other group reports that even in this
context, activity is greatly reduced by
heavy 2'-O-Me modification (Czauderna
et al,, 2003). The 2'-O-methoxyethyl (2'-
O-MOE) modification has been used in
the 3'-overhangs of siRNA targeting the
pain-related cation-channel P2X; and has
resulted in successful gene targeting in vivo
(Do et al., 2004). Another group found that

2'-0-MOE modifications could be used in the
sense strand, especially at the termini, but not
in the antisense strand (Prakash et al., 2005).
Similarly, 2'-O-allyl-modifications reduce
activity at most positions in the duplex, but
can be used (Odadzic et al., 2008). These
modifications do not reduce activity in the
3’-overhangs (Amarzguioui et al., 2003).

A cyanoethyl group at the 2" position in-
creases binding affinity and nuclease resis-
tance, and may find applications in siRNA
(Saneyoshi et al., 2005; Bramsen et al., 2009).
2’-0-acetalester-protecting groups are being
developed for production of “proRNA,” which
remains protected until demasked by cellu-
lar esterases (Martin et al.,, 2009). These
molecules may find application as “pro-
siRNA” (Martin et al.,, 2009). In a similar
fashion, 2-esterified units (levulinates) may

Current Protocols in Nucleic Acid Chemistry



be used to create protected siRNA molecules
(Lackey et al., 2007).

2'-0-alkylamines also appear to be active
in siRNA duplexes (Odadzic et al., 2008;
Bramsen et al., 2009). Minimal modification
with 2'-O-ethylamine units at the 3’ end of the
antisense strand appears to be well-tolerated
(Odadzic et al., 2008). Further characteriza-
tion will improve our understanding of their
gene silencing potential.

In most cases, bulkier 2’-modifications are
not well tolerated in siRNA duplexes, ex-
cept for limited modifications on the termini.
Interestingly, siRNAs with 70% of the 2'-
OH groups converted at random into 2,4-
dinitrophenyl ethers (2'-O-DNP) show a va-
riety of improved properties, including higher
binding affinity, nuclease resistance, and po-
tency (Chen et al., 2004). Recently Bramsen
et al. (2009) have reported a large-scale screen
of siRNA activity elicited by several nucle-
oside analogues, showing that a variety of
2’ modifications can be tolerated, particularly
in the sense strand. In some cases, bulky 2'-
modifications were tolerated, but with slightly
reduced activity.

Functional siRNAs can also contain
fluorine at the 2'-position. One of the
best-known and most versatile siRNA
modifications is 2'F-RNA. Partial 2'F-RNA
modification is tolerated throughout sense and
antisense strands (Braasch et al., 2003; Chiu
and Rana, 2003; Harborth et al., 2003), and
there are reports of active siRNAs that are fully
modified 2'F-RNA (Blidner et al., 2007). 2'F-
RNA-modified siRNA duplexes have signifi-
cantly increased serum stability (Layzer et al.,
2004) and increased binding affinity of the
duplex (Kawasaki et al., 1993; Monia et al.,
2003). The 2'F-RNA modification has also al-
lowed the synthesis of siRNAs containing 5'-
amino-2',5'-dideoxy-2'-fluororibonucleic acid
units that confer improved hydrolytic stability
(Ueno et al., 2008).

Changing the stereochemistry of the flu-
orine of 2'F-RNA results in 2'-deoxy-2'-
fluoroarabinonucleic acids (2'F-ANA). Con-
sidering that 2’F-ANA was originally devel-
oped as a DNA mimic (Rosenberg et al., 1993;
Berger et al., 1998; Dambha et al., 1998; Ikeda
et al.,, 1998; Wilds and Damha, 2000), it is
somewhat surprising that 2’F-ANA is also
well-tolerated in siRNA duplexes, including
fully modified sense strands and partially mod-
ified antisense strands (Dowler et al., 2006;
Watts et al., 2007). Like 2'/F-RNA, 2'F-ANA
binds with high affinity and increases nucle-
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ase stability. Both 2'-fluorinated analogues are
highly resistant to acidic conditions (Watts
et al., 2009).

In addition to the oxygen at the 2'-position,
the ring oxygen can be modified for siRNA ap-
plications. One example is 4'S-RNA, a high-
affinity modification that gives a significant
advantage in nuclease stability. Incorporation
of 4'S-RNA units does not reduce silencing
when placed near the termini of siRNA du-
plexes (Hoshika et al.,, 2005, 2007; Dande
et al., 2006). An siRNA architecture consist-
ing of four 4’-thioribonucleotides on each end
of the sense strand and four at the 3’-end of
the antisense strand has consistently worked
well for silencing two target genes in three
cell lines (Hoshika et al., 2007). When the
antisense strand was modified with 4’S-RNA,
especially at the center, potency was reduced
(Hoshika et al., 2005; Dande et al., 2006).
Combinations of 4’S-RNA with 2’-0-Me and
2'-0-MOE modifications at the termini of both
strands have also shown excellent potency and
serum stability (Dande et al., 2006).

4'S-2’F-ANA, featuring modifications at
both the 2’ and 4’ positions, has a northern,
RNA-like conformation (Watts et al., 2007),
and is compatible with siRNA activity at vari-
ous positions in both strands. 4'S-2'F-ANA in
the antisense strand shows synergy with 2'F-
ANA modifications in the sense strand (Watts
et al.,, 2007). However, the low-binding affin-
ity of 4’S-2'F-ANA means that only a small
number of modifications should be used.

Locked nucleic acid (LNA), a confor-
mationally constrained nucleotide adopting
a northern structure (Petersen and Wengel,
2003), has been extensively studied in siRNA
(Braasch et al., 2003; Elmen et al., 2005;
Hornung et al., 2005; Bramsen et al., 2007,
Mook et al., 2007). Its conformational rigidity
causes significant increases in binding affinity.
Careful placement of LNA in siRNA duplexes
can lead to functional duplexes of various
types. Common terminal modification sites
are the termini of the sense strand (Hornung
et al., 2005) and the 3'-overhang of the anti-
sense strand (Elmen et al., 2005; Mook et al.,
2007). Minimal modification of most inter-
nal positions of the antisense strand is also
tolerated (Braasch et al., 2003; Elmen et al.,
2005), but heavier modification of the anti-
sense strand is tolerated only in combination
with a segmented sense strand (sisiRNA, de-
scribed above; see Bramsen et al., 2007).

LNA is one example of a larger family
of nucleoside analogues, the bicyclic nucleic
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acids (BNAs). Another BNA, ethylene-bridge
nucleic acid (ENA), has been tested in the
siRNA overhang and been found to impair
siRNA activity (Hamada et al., 2002). A rigid
tricyclic modification (tc-DNA) has been suc-
cessfully used at either end of the sense strand,
and even improved activity when placed in the
overhangs (Ittig et al., 2008). The development
of a variety of BNAs has been reviewed by
Obika (2004), although much remains to be
understood regarding their compatibilities to
elicit siRNA activity. Toward this end, Bram-
sen et al. (2009) have published a large-scale
screen of siRNA activity elicited by several
nucleoside analogues, including several mem-
bers of the BNA family. For the siRNA se-
quence tested, several BNAs appear to be tol-
erated in siRNA, especially within the sense
strand.

Interestingly, siRNA potency can be re-
tained, and in some cases improved, when the
5-membered sugar moiety is replaced with a
6-membered ring. Cyclohexenyl nucleic acids
(CeNA), altritol nucleic acids (ANAs), and
hexitol nucleic acids (HNAs) have all been
successfully incorporated into siRNAs. Incor-
poration of one or two CeNA units can pro-
duce siRNAs with similar or enhanced activity
compared to unmodified siRNA (Nauwelacrts
etal., 2007). ANAs support A-form structures,
and can improve potency and duration of ac-
tivity when incorporated at certain positions
(Fisher et al., 2007), but can also slightly de-
crease potency in some cases (Fisher et al.,
2009). HNA can improve siRNA potency, and
is tolerated in the sense strand opposite the po-
sition on the antisense strand at which mRNA
cleavage occurs (Fisher et al., 2009).

siRNAs can be minimally modified with
aminoisonucleosides (see Fig. 16.3.3) without
reducing activity (Li et al., 2007). Aminoi-
sonucleosides were better tolerated by the
RNAI machinery in the sense strand than in
the antisense strand, and a single insert could
be used at either the S’ or the 3’ region of
the sense strand without impairing gene si-
lencing. However, modifications were less tol-
erated internally in the sense strand, reduced
activity when placed in the antisense strand,
and may be detrimental to overall nuclease
stability. Aminoisonucleoside modification of
siRNA is awaiting optimization.

Morpholino nucleoside analogues can also
be used in siRNA. Morpholino analogues are
tolerated in the sense strand and on the over-
hangs, but reduce activity in the antisense
strand (Zhang et al., 2009).

Backbone Linkage Modifications

Chemical modifications to the oligonu-
cleotide backbone are also tolerated by the
RNAi machinery. Indeed, several variations
on the phosphodiester linkage can be used
for gene silencing (Fig. 16.3.4). Phospho-
rothioate (PS) linkages, a popular modifica-
tion in antisense technology, can be used in
siRNA, but they often reduce potency relative
to native siRNA (Chiu and Rana, 2003; Hall
et al., 2004). However, in some cases their
potencies are comparable to native siRNAs
(Amarzguioui et al., 2003; Harborth et al.,
2003). Some observations indicate that PS
linkages are not accepted at the center of the
duplex, especially at the sense strand scissile
phosphate (Leuschner et al., 2006). Some cy-
totoxicity has been observed with extensive
PS modification (Amarzguioui et al., 2003).
In marked contrast to PS-DNA antisense con-
structs (Geary et al., 2001), PS modifications
do not appear to have a major effect on biodis-
tribution of siRNA (Braasch et al., 2004).

siRNAs with boronophosphate linkages are
functional. They show increased potency rel-
ative to PS-modified siRNAs, and often to na-
tive siRNAs as well. To maximize potency,
the center of the antisense strand should not
be modified (Hall et al., 2004). Boronophos-
phate linkages in siRNAs provide a significant
increase in nuclease stability over native RNA
(Hall et al., 2004).

Two nonionic amide linkages are toler-
ated in the 3’ overhangs of siRNA: a sim-
ple amide linkage that maintains the ribose
structure while increasing duplex thermody-
namic stability and nuclease resistance (Iwase
et al., 2007) and peptide nucleic acid, in which
the entire sugar-phosphate backbone is re-
placed by an amide moiety (Potenza et al.,
2008).

Phosphonoacetate linkages (Fig. 16.3.4)
are recently described backbone modifications
with exciting properties (Sheehan et al., 2003;
Yamada et al., 2007). These linkages can be
esterified, affording nucleic acids with neu-
tral backbones, which can be taken up by
cells without transfection reagent (Shechan
et al., 2003; Yamada et al., 2007). Cellular
esterases are then believed to cleave the es-
ter groups, producing phosphonoacetate back-
bones, which are negatively charged and thus
retained inside cells (Yamadaet al., 2007). The
properties of phosphonoacetate backbones are
beneficial for siRNA applications, and prelimi-
nary reports of siRNA activity elicited by these
modifications are encouraging.
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Internucleotide linkages used in siRNA. The phosphodiester linkage can be replaced by

phosphorothioate, boranophosphate, or phosphonoacetate linkages, which retain the negative charge of a
phosphate. Neutral amide-linked RNA or peptide nucleic acid (PNA) can be used at select positions. Either
2',5'-linked DNA (X=H) or 2',5"-linked RNA (X=0H) can be used in the sense strand. Adapted from Watts et al.

(2008), with permission from Elsevier.

A 2',5'-linkage (either 2',5-DNA or 2',5'-
RNA) can substitute for the native 3',5' link-
age, but only in the sense strand of the duplex,
and with some reduction in potency (Prakash
et al., 2006).

Base Modifications

The use of modified bases in siRNA
has been more limited than other modifica-
tions, but there have been several examples
(Fig. 16.3.5). Modified bases that stabilize A-
U base pairs (5-Br-Ura and S-1-Ura instead of
uracil, and diaminopurine instead of adenine)
are tolerated in siRNA duplexes, although ac-
tivity is somewhat reduced (Chiu and Rana,
2003).

4-Thiouracil has also been successfully
used (Parrish et al., 2000). 2-Thiouracil
(Hornungetal., 2006; Sipaetal., 2007) and the
C-linked base pseudouracil (Hornung et al,,
2006; Sipa et al., 2007) increase binding affin-
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ity and can be used to increase potency and
specificity if placed appropriately within the
duplex (see the sections Increasing potency
and Modulating immunostimulatory activity).
5-Methylation of pyrimidines (i.e., T and 5-
Me-C instead of U and C) is common in
conjunction with sugar modifications such as
DNA, 2'F-ANA, and LNA. Indeed, small base
modifications projecting into the RNA major
groove (5-Me-U and 5-Me-C) can improve
siRNA stability without impairing gene silenc-
ing, whereas bulkier groups (5-propynyl-U)
are detrimental to activity (Terrazas and Kool,
2009). Bulky or cationic base modifications
have not been well-tolerated (Parrish et al.,
2000).

Some surprisingly atypical base structures
have been used in siRNA. A difluorotoluoyl
base, which has the same shape as thymine
but cannot form classical hydrogen bonds, can
replace uracil at single positions throughout
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Figure 16.3.5 Base-modified nucleotides used in siRNA. Top two rows: 5-halouracils, 2-
thiouracil, pseudouracil, and diaminopurine increase the strength of A-U base pairs; bottom two
rows: highly atypical modified bases including bases that cannot form classical hydrogen bonds (di-
fluorotoluene, 2,4-difluorobenzene, 2,4-dichlorobenzene) and a non-aromatic base (dihydrouracif).
R represents the ribose phosphate backbone. Adapted from Watts et al. (2008), with permission

from Elsevier.

an siRNA duplex, without significantly de-
creasing the potency or changing the mech-
anism of cleavage (Xia et al., 2006). Non-
polar nucleobases (2,4-difluorobenzene and
2,4-dichlorobenzene; see Fig. 16.3.5) are also
tolerated in certain siRNA positions, and can
in some cases improve siRNA specificity (So-
moza et al., 2008). These studies provide
evidence that non-hydrogen-bonding nucle-
obases can be tolerated at positions 1, 3, 4,
7, and 19 of the guide strand (Somoza et al.,
2008). A nonaromatic base, dihydrouracil, can
also be used, but because it cannot contribute
to base stacking, it lowers the binding affinity
of the duplex and is best placed at the 5’-end of
the duplex, as defined by the antisense strand
(Sipa et al., 2007).

Terminal Conjugates

Various groups can be conjugated to the ter-
mini of siRNA duplexes, especially the termini
of the sense strand. An inverted abasic end cap

(David et al., 2005; Morrissey et al., 2005)
helps with exonuclease stability. Conjugation
of fluorescent dyes (Harborth et al., 2003)
or biotin (Chiu and Rana, 2002; Schwartz
et al, 2008) has allowed important bio-
physical/biochemical studies. Conjugation of
lipophilic groups, including steroids and lipids
(Lorenz et al., 2004; Soutschek et al., 2004),
has helped with delivery. Cholesterol conju-
gation has even been shown to allow siRNA-
mediated protection from HSV-2 following in-
travaginal administration of the siRNAs (Wu
et al., 2009).

A combinatorial library of lipid-like con-
jugates, termed “lipidoids™ has also been de-
scribed as potential delivery agents (Akinc
et al., 2008). siRNA delivery is a rapidly de-
veloping research field; a recent study showed
thatincluding 3 to 8 dA and dT units on the 3'-
ends of the strands can lead to reversible con-
catemerization via sticky ends, which in turn
leads to higher efficiency delivery in complex
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with linear polyethylenimine (PEI) (Bolcato-
Bellemin et al., 2007).

The general consensus is that the 5'-end
of the antisense strand is the most sensitive to
modifications (Chiu and Rana, 2002; Martinez
etal., 2002; Czauderna et al., 2003). However,
one group observed that fluorescein could be
conjugated to any of the termini except the 3'-
end of the antisense strand (Harborth et al.,
2003). As long as an antisense 5'-phosphate is
present, attaching a group to it does not neces-
sarily eliminate RNA{ activity (Schwarz et al.,
2002).

Combining Modifications

The various modifications described above
can confer advantageous properties to siRNAs.
However, it is also clear that the effective-
ness of modifications has a strong sequence
dependence. Many modifications are benefi-
cial in some siRNA regions but detrimental
in others, and enhance activity in some se-
quence contexts, but reduce potency in oth-
ers. An interesting concept then becomes
the combination of different, complementary
modifications within the same siRNA. Most
siRNA modification studies focus on individ-
ual modifications to minimize experimental
variables. However, a few studies have demon-
strated that combining modifications can pro-
duce siRNAs with impressive features. Indeed,
many interesting modified siRNAs consist of
a combination of multiple chemical modifica-
tions (Allerson et al., 2005; Morrissey et al.,
2005; Dande et al., 2006; Koller et al., 2006;
Bramsen et al., 2009).

Indeed, by combining various modifica-
tions, these researchers were able to design
potent siRNAs completely free of the native
ribose. We have been investigating the use of
chimeric siRNAs composed entirely of 2'F-
ANA and 2'F-RNA modifications, and have
observed synergy between these two modifi-
cations when assessing gene silencing activity
against a few different mRNA targets (G.F.
Deleavey et al., unpub. observ.). Primarily,
research on new chemically modified siRNA
involves only one type of modification. How-
ever, if the field is to move toward widely appli-
cable chemical modification strategies, there
is an ongoing need to combine chemistries in
creative ways.

APPLYING MODIFICATIONS TO
ADDRESS siRNA SHORTCOMINGS

The following sections were adapted from
Watts et al. (2008), with permission from
Elsevier.

Current Protocols in Nucleic Acid Chemistry

Serum Stability

RNA is rapidly degraded in cells. The
double-stranded nature of siRNA improves
stability relative to ssRNA, but these
molecules are still not ideal for in vivo ther-
apeutic applications. A nuclease called eri-1
has been found to play a key role in degra-
dation of siRNA (Kennedy et al., 2004), and
expression levels of eri-1 inversely correlate
with duration of siRNA activity (Takabatake
et al., 2007). This and other data suggest that
increasing the nuclease resistance of siRNAs
can prolong their activity. Chemical modifica-
tion is the principal strategy used to improve
the nuclease resistance of siRNAs.

Essentially all of the modifications dis-
cussed can be used to increase the serum
half-life of siRNAs. In the therapeutic siRNA
community, two approaches are being studied
for protecting siRNAs against nucleases. The
first strategy favors extensive or full chemi-
cal modification of siRNA. Sirna Therapeutics
(http://www.sirna.com) has published work on
heavily modified siRNA duplexes, demon-
strating the advantages of this strategy. A fully
modified siRNA with a sense strand made of
2'F-RNA pyrimidines, DNA purines, and 5’
and 3’ inverted abasic end caps, and an anti-
sense strand made of 2’F-RNA pyrimidines,
2'-0-Me purines, and a single phosphoroth-
ioate linkage at the 3'-terminus, had signifi-
cantly increased potency in an HBV mouse
model (David et al., 2005). This fully modified
duplex had a half-life in serum of 2 to 3 days,
as compared with 3 to 5 min for the unmodi-
fied duplex (David et al., 2005). This improved
stability translated into higher efficacy in vivo.
Still higher potency was later obtained by in-
cluding I to 3 RNA inserts at the 5-end of
the antisense strand, and this heavily modi-
fied siRNA still had a serum half-life nearly
30x longer than that of unmodified siRNA
(Morrissey et al., 2005).

Several other examples of fully modified
duplexes have been reported. An siRNA made
entirely of alternating 2'F-RNA and 2’-0-Me
units had greatly increased stability in serum
(Allerson et al., 2005). This architecture main-
tains or improves potency, as discussed in the
next section. An siRNA made with DNA over-
hangs, a 2'-O-Me-RNA sense strand, and a PS-
RNA antisense strand was nearly all intact af-
ter 48 hr in serum (Choung et al., 2006), and a
functional fully 2'F-RNA-modified siRNA
has also shown excellent nuclease resistance
(Blidner et al., 2007).

However, extensive chemical modification
may not always be necessary. The second
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paradigm for protecting siRNAs against nu-
cleases involves minimal, selective modifi-
cation. This strategy is favored by, among
others, Alnylam Pharmaceuticals (htp:/www.
alnylam.com). Endonucleolytic hydrolysis is
a major mechanism of degradation of siRNAs
(Czauderna et al., 2003), and so the endonu-
clease cleavage pattern of a given siRNA du-
plex is characterized. Degradation is often
dominated by cleavage after a pyrimidine nu-
cleotide, and can be readily characterized by
mass spectrometry (Tumner et al., 2007) or
denaturing polyacrylamide gel electrophore-
sis (Xia et al., 2006). Vulnerable positions are
selectively modified, usually with 2’-0-Me or
2'F-RNA nucleotides, which considerably in-
crease the stability of the siRNA with only
minimal modification (Manoharan, 2006; de
Fougerolles et al., 2007). Besides these exper-
imentally determined vulnerable internal posi-
tions, key regions for modification include the
strand termini (Choung et al., 2006; Hoerter
and Walter, 2007).

Increasing Potency

siRNA is a potent gene silencing agent, al-
though potency depends on cell type, mRNA
target, and siRNA sequence. Increasing po-
tency is usually not considered the primary ob-
jective of chemical modification: it is sufficient
to maintain the potency of unmodified siRNA.
It is more important to increase serum half-life
and specificity. However, as our understanding
of the requirements for effective RNAI devel-
ops, we can foresee an increase in the use of
chemical modifications to optimize potency as
well, through features such as target-binding
affinity (by enhancing hybridization on-rates
and off-rates), preorganization into appropri-
ate conformations (to reduce entropic penal-
ties of binding), flexibility (to allow for en-
zyme dynamics), and optimized binding to
RISC (in various other ways).

Unfortunately, patterns of chemical modi-
fication that universally increase potency are
rare. However, there are several known modifi-
cations that increase potency, sometimes very
significantly, for particular sequences or sys-
tems. One of the most dramatic increases was
obscrved for a fully modified siRNA made of a
combination of 2'-0-Me and 2'F-RNA, which
was 500-fold more potent than unmodified
siRNA (Allerson et al., 2005). Such impres-
sive improvement was not observed for other
sequences, but this architecture showed equal
or greater potency and efficacy than unmod-
ified siRNA for several other targets (Koller
et al., 2006).

Part of the increase in potency observed
in some studies may arise from the increased
nuclease stability of the chemically modified
siRNA. Beyond this, however, in most cases
where increased potency is observed, it is not
yet clear why. In addition, it is not yet clear
why so many patterns of chemical modifica-
tion work for one system/sequence and not
for another. This reflects paucity in our un-
derstanding of the requirements of the RNAI
pathway, and of the interplay between chem-
ical modifications, nucleotide sequence, and
duplex structure.

Rational chemical modification can, how-
ever, be used to improve potency through im-
proving the selective loading of the antisense
strand. Strand differentiation by RISC is deter-
mined by the thermodynamics of the siRNA
duplex (Khvorova et al., 2003; Schwarz et al.,
2003). The strand with lower binding at its
5’-end is preferentially selected as the guide
strand by RISC. The sequence of an siRNA
should therefore be chosen to be AU-rich at
the 5’-end of the antisense strand. Chemical
modifications can also be used to increase in-
corporation of the appropriate guide strand. By
placing high-affinity modifications like LNA
at the 5'-end of the sense strand (Elmen et al.,
2005), duplex thermodynamics can be altered
to affect strand loading. The activity of a
moderately active siRNA duplex was signif-
icantly improved using the high-affinity 4'S-
RNA modification in both strands (Hoshika
et al., 2007). However, a duplex that already
had optimal strand thermodynamics was not
further improved by 4'S-RNA modification
(Hoshika et al., 2007). Base modifications can
be used for similar purposes. Of a series of
modified siRNA duplexes, the most potent
siRNAs contained a high-affinity 2-thiouracil
base at the 3’-end of the antisense strand, and
a low-affinity dihydrouracil base at the 3’-end
of the sense strand (Sipa et al., 2007).

In addition to chemical modification, a re-
cent report has demonstrated that a small
molecule, enoxacin, can actually enhance
siRNA-mediated mRNA degradation (Shan
et al., 2008). Enoxacin is believed to enhance
TRBP-binding to RNA (Shan et al., 2008),
and enhanced interactions between TRBP and
siRNA may facilitate RISC loading (Katoh
and Suzuki, 2007). This interesting discovery
suggests that RNAi potency can be improved
via indirect methods as well as with direct
chemical modification, and also suggests that
it would be worth designing chemical mod-
ifications that optimize protein interactions
directly.
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Immunostimulation

Long dsRNA can be a hallmark of viral in-
fection. It has long been known that dsRNAs
longer than 30 bp are potent activators of im-
mune responses (Minks et al., 1979), prevent-
ing the application of RNAi to mammalian
cells in the same fashion originally described
in C. elegans (Fire et al., 1998). It was even-
tually discovered that 21-nt siRNA duplexes
were capable of effecting potent and specific
gene knockdown in mammalian cells. These
molecules were below the 30-bp threshold, and
were expected to avoid the immunostimula-
tion characteristic of longer dsRNAs (Elbashir
et al., 2001a).

However, the immunogenic activity of short
RNA duplexes is more significant than origi-
nally perceived. Reports of off-target effects
resulting from immunostimulation caused by
dsRNAs shorter than 30 bp are widespread
(Kim et al., 2004; Hornung et al., 20085, 2006;
Judge et al., 2005; Marques and Williams,
2005; Morrissey et al., 2005; Reynolds et al.,
2006; Schlee et al., 2006). Nonspecific im-
mune responses to siRNA therapeutics may
trigger unwanted side-effects unless the im-
munogenic properties of siRNA can be ad-
dressed.

Immune response activation by short RNAs
is a complex process, and has been re-
viewed elsewhere (Marques and Williams,
2005; Schlee et al., 2006). Briefly, RNAs are
recognized by three main types of immunore-
ceptors: Toll-like receptors (TLRs) (specifi-
cally TLR3, TLR7 and TLRS), protein ki-
nase R (PKR), and helicases like RIG-I and
MDAS. Receptor recognition can lead to a
number of cellular responses including re-
lease of cytokines and changes in gene ex-
pression (Schlee et al., 2006). The types of
immunoreceptors involved and the level of im-
mune activation depend on a number of fac-
tors, including the length, sequence, and cel-
lular delivery method of the RNA, as well as
the type of immune cell involved. These recep-
tors exist on cell surfaces (TLR3) (Kleinman
etal.,, 2008), in endosomes (TLR3/7/8; Takeda
and Akira, 2005; Judge and Maclachlan, 2008;
Zamanian-Daryoush et al., 2008), and in the
cytoplasm (RIG-I, MDAS, PKR; Judge and
Maclachlan, 2008).

Immune responses are affected by RNA se-
quence; however, the sequence dependence is
not fully understood. Judge et al. have identi-
fied immunostimulatory motifs in mice and in
vitro human blood, most notably 5'-UGUGU-
3’ regions (Judge, et al., 2005). Hornung et al.
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demonstrated that 5-GUCCUUCAA-3' is also
a potent immunostimulatory motif (Hornung
et al., 2005). In fact, any U-rich RNA se-
quence may be sufficient for recognition by
TLR7 (Diebold et al., 2006). The presence
of a 5'-triphosphate or blunt-end can lead
to RIG-I-mediated immunostimulation (Kim
et al., 2004; Hornung et al., 2006; Marques
et al,, 2006). Duplexes between 23 and 30 bp
may still induce the interferon response in a
length-dependent manner, depending on cell
type (Reynolds et al., 2006).

Fortunately, chemical modifications can be
used to reduce the immunostimulatory proper-
ties of siRNAs (Eberle et al., 2008; Judge and
Maclachlan, 2008). siRNA duplexes >90%
modified with 2'F-RNA, 2'-0-Me, and DNA
residues were shown to cause no detectable ef-
fect on interferon levels or cytokines, while un-
modified siRNA duplexes caused significant
activation (Morrissey et al., 2005). Because
of immunostimulation, mice treated with un-
modified siRNA showed increased levels of
serum transaminases and signs of systemic
toxicity such as decreased body weight, tran-
sient lymphopenia and thrombocytopenia, and
piloerection, but these adverse effects were
not evident in those mice treated with modi-
fied siRNA (Morrissey et al., 2005). Although
minimal 2’-0-Me modification is sufficient
to reduce immunostimulatory activity, 2'-O-
methylation of cytidine residues was, however,
found ineffective in fulfilling this function
(Judge et al., 2006). 2'F-RNA and/or 2'-0-Me
modification of uridine resulted in elimination
of immune off-target effects (Hornung et al.,
2006), including both TLR-dependent and
TLR-independent immune effects (Cekaite
et al., 2007). Notably, even the presence of
2'-0-Me modified RNAs on separate, non-
complementary strands abrogates the TLR7-
dependent immunostimulatory activity of un-
modified siRNAs, indicating that 2'-O-Me-
RNA itself is a potent antagonist of TLR7
(Robbins et al., 2007).

In addition to 2’-O-Me and 2'-F-RNA mod-
ifications, LNA has been used to modify the
ends of an siRNA sense strand containing
an immunostimulatory motif, abrogating the
IFN-¢ immunostimulatory activity of the du-
plex without affecting the silencing activity
(Hornung et al., 2005). Base modifications can
also reduce immune activation: modification
with pseudouracil or 2-thiouracil prevented
the RIG-I-mediated immunostimulation due to
a 5'-triphosphate (Hornung et al., 2006), and
various base modifications abrogated immune
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effects mediated by TLR3, TLR7, and TLRS
(Karikd et al., 2005).

Different types of chemical modifications
can reduce the immune effects from different
receptors. For example, of the base modifica-
tions useful for siRNA, one study found that
only 2-thiouridine was able to reduce TLR3-
mediated immunostimulation, but several oth-
ers were able to reduce TLR7- or TLRS&-
mediated effects as well (Kariké et al., 2005).
In another recent study, the cytokine induction
profile was different upon treatment with un-
modified, 2’-0-Me-modified, and 2’-F-RNA
modified siRNAs (Zamanian-Daryoush et al.,
2008).

Immunogenic side effects from siRNA
administration have not always been ob-
served. However, it is clear that when immune
activation is a problem, many chemical modifi-
cations are available to minimize this predica-
ment, and surely, many more modifications
will be tested and found successful in the years
to come. Thus, much work lies ahead before
the full immunomodulatory potential of chem-
ical modifications can be both realized and un-
derstood. Encouragingly, our understanding of
dsRNA recognition by TLR-3 has been greatly
improved by very recent reports of the struc-
tural basis of dsRNA recognition (Liu et al.,
2008; Pirher et al., 2008). Studies such as these
may allow the rational design of siRNAs that
can avoid receptor recognition,

In closing this section, we note that the
immunostimulatory activity of siRNA may
actually prove useful in some cases. A re-
cent paper showed that the therapeutic anti-
angiogenesis activity of an unmodified siRNA
currently in clinical trials might actually be due
to TLR3-mediated immune effects (Kleinman
etal., 2008). Furthermore, immunostimulatory
siRNAs may find use as drugs capable of fac-
ing cancer and chronic viral infections on two
fronts: eliciting both gene knockdown and ac-
tivation of immune responses (Schlee et al.,
2006; Poeck et al., 2008). Currently, however,
immune activation is generally considered an
unwanted and potentially dangerous off-target
effect (Judge and Maclachlan, 2008).

Hybridization-Dependent Off-Target
Effects

Off-target side effects of siRNA can arise
from partial hybridization with unintended
mRNAs (Jackson et al., 2003). This primar-
ily occurs when siRNAs function as miRNAs
via 6 to 8 nt complementarity at the 5'-end of
the antisense strand (Birmingham et al., 2006;
Jackson et al., 2006a), but can also occur with a

~15-nt region of significant complementarity
in the center of the antisense strand (Jackson
et al.,, 2003). If some of the sense strand is
mistakenly incorporated into RISC instead of
the antisense strand, it can cause even more
off-target effects (Jackson et al., 2003).

Two major strategies are used to mini-
mize off-target effects: (1) increasing the se-
lective loading of the antisense strand (disfa-
voring incorporation of the sense strand) as the
RISC guide, and (2) disfavoring miRNA-type
activity.

The first of these strategies can have the
benefit of increasing potency, as well as re-
ducing off-target effects, and is typically ac-
complished by increasing the binding affinity
of the 3’-end of the antisense strand and/or the
5’-end of the sense strand, as discussed in the
section Increasing potency. To ensure that the
sense strand makes absolutely no contribution
to off-target effects, it can be further modified.
An extreme example of this is small inter-
nally segmented interfering RNA (sisiRNA),
in which the sense strand is nicked to pre-
vent it from being incorporated into RISC (see
Fig. 16.3.2, and Choosing an siRNA Architec-
ture) (Bramsen et al., 2007). The high affin-
ity of LNA modifications is essential for such
strand architecture (Bramsen, et al., 2007),
since 10- to 12-bp duplexes of unmodified
RNA are too unstable to effect gene silencing.

Another method of reducing RISC load-
ing of the sense strand is to block 5'-
phosphorylation by methylation (Chen et al.,
2008). Finally, incorporation of eight DNA nu-
cleotides at the 3'-end of the sense strand sig-
nificantly reduces sense-strand mediated off-
target effects (Ui-Tei et al., 2008). However,
even if the antisense strand is incorporated
into RISC with perfect selectivity, the prob-
lem remains that siRNAs can function as miR-
NAs (Doench et al., 2003; Zeng et al., 2003)
and downregulate many genes through partial
complementarity (Lim et al., 2005; Jackson
et al., 2006a), especially in the seed region.
Furthermore, these off-target effects can cause
toxicity (Fedorov et al., 2006). 2’-O-Me nu-
cleotides at the 5'-end of the antisense strand
can reduce miRNA-type off-target effects sig-
nificantly, with little effect on siRNA gene
silencing (Jackson et al., 2006b). If the seed
region is made of DNA instead of RNA,
miRNA-type off-target effects are also signif-
icantly reduced (Ui-Tei et al., 2008).

A third strategy for reducing off-target ef-
fects is adopted by Dharmacon RNA Tech-
nologies (http://www.dharmacon.com) who
have championed the idea of delivering four
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different siRNA duplexes at once against the
target gene. In this way, the desired gene
silencing is maintained, but hybridization-
dependent off-target effects are diluted, since
they are different for each of the siRNA du-
plexes. Thus, the overall off-target signature
of a pool of siRNAs is usually less than that of
any of the individual duplexes that make it up.
This strategy mimics the natural siRNA path-
way, in which long dsRNA is diced into a large
number of siRNA duplexes, each targeting the
same gene, but with a different off-target sig-
nature. This strategy can be combined with
the chemical modification strategies described
above.

To reduce or avoid both immune-mediated
and hybridization-dependent off-target effects,
careful sequence selection is an essential first
step (see Choosing the Right Sequence above).
Chemical modifications can then provide fur-
ther protection.

CONSIDERATIONS WHEN
ASSESSING THE ACTIVITY OF
MODIFIED siRNAs

The wide range of nonspecific and off-
target effects that can be triggered by siRNAs
can complicate experimental results, Con-
trolling for off-target and immunostimulation
effects is an essential aspect of siRNA ex-
perimentation. At a minimum, siRNA exper-
iments should include mismatch, scrambled,
and nontargeting (e.g., luciferase) controls.
These measures control for nonspecific ef-
fects. Several positive controls (independent
siRNA sequences targeting the same mRNA)
should also be used. Unfortunately, these sim-
ple controls do not provide the full picture
of nonspecific effects caused by siRNA. The
following section will look in more detail at
ways to rule out nonspecific effects when us-
ing siRNAs.

Off-Target Effects

siRNA off-target effects can significantly
affect the phenotypic outcome of gene silenc-
ing experiments. Off-target effects can arise
from partial complementarity of unintended
mRNA targets to either the sense or antisense
strand of an siRNA. Several methods have
been developed to determine the off-target ef-
fects of siRNAs.

Perhaps the most thorough method to ob-
serve off-target effects is the use of microar-
ray technology to monitor changes in cellular
gene expression following siRNA treatment.
(Jackson et al., 2003)
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Another technique for observing sense-
strand mediated versus guide-strand medi-
ated mRNA targeting involves the use of
two psiCheck plasmids containing sequence
complementarity to either the sense strand or
the guide strand, which allows determination
of the extent of sense-strand mediated off-
targeting (Ui-Tei et al., 2008).

In order to verify that the observed phe-
notype resulting from RNAi-mediated gene
silencing is a result of gene knockdown and
not off-target effects, it is often useful to at-
tempt to obtain the phenotype using differ-
ent siRNA sequences targeting the same gene.
This technique should control for off-target
effects since different siRNA sequences have
different off-target effects, but in each case,
the intended gene should be silenced (Echev-
erri and Perrimon, 2006). Conversely, rescue
experiments can be performed, whereby the
target mRNA can be modified to remove com-
plementarity to an siRNA without changing
the coded protein (Echeverri and Perrimon,
2006). In the rescue condition, the phenotype
should disappear since the mRNA is no longer
degraded. If the phenotype remains, it could
be attributed to siRNA-mediated off-targeting
(Kittler et al., 2005).

Finally, chemically modified siRNAs with
reduced off-targeting properties can be used
to further verify that effects are arising from
specific gene silencing.

Immunostimulation

siRNA knockdown experiments can be fur-
ther confused by immunostimulation triggered
by siRNA. Indeed, when siRNA is being used
to target cancer and viral mRNAs, experi-
mental outcomes must be carefully interpreted
due to the high sensitivity many of these dis-
eases have towards innate immune responses
(Robbins et al., 2008). When comparisons are
made with scrambled controls (duplexes that
have been rearranged to prevent base pairing to
the mRNA), caution should also be observed
due to the possibility that the scrambled con-
trols may possess significantly different im-
munostimulatory properties in comparison to
the targeting siRNAs under study (Robbins
et al,, 2008). Use of a control siRNA that
is less immunostimulatory than the experi-
mental siRNA can lead to false positives or
overestimated efficacies, if a phenotype me-
diated by the innate immune response is at-
tributed to the RNAi pathway (Judge and
Maclachlan, 2008). Use of chemically mod-
ified analogues of siRNAs can also help to
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rule out immune effects, as discussed above.
Two recent studies that demonstrated the po-
tential of siRNAs to induce immune effects
also rigorously demonstrated that chemically
modified siRNA analogues operated through
the RNAi mechanism in vivo (Kleinman et al.,
2008; Judge et al., 2009).

Metabolites

Depending on endo and exonuclease cleav-
age patterns of siRNAs, several degradation
products can be created when siRNAs are me-
tabolized in vivo, all of which should be tested
for safety. This is equally true for chemically
modified siRNAs. Mass spectroscopy analy-
sis following serum incubation is a method for
determining metabolic products. Mass spec-
troscopy is a common tool for oligonucleotide
characterization, and effective protocols have
been developed for siRNA analysis (Shah and
Friedman, 2008; Yan et al., 2008). The ul-
timate test of safety in humans, however, is
clinical trials. Several siRNA clinical trials are
underway and include both modified and un-
modified duplexes.

CONCLUSIONS

The chemical modification of siRNA is a
rapidly developing field of study. New and ex-
citing advancements are reported on a regu-
lar basis. The discovery of siRNA-mediated
gene silencing by short double-stranded RNAs
generated tremendous interest in the thera-
peutics fietd. Nevertheless, the progression of
siRNAs from discovery to clinical application
has been hampered by a number of obstacles,
including stability issues, cellular uptake prob-
lems, and undesirable side effects arising from
off-targeting and immunostimulation. Encour-
agingly, in the 8 years since the discovery
of siRNA, a vast array of chemical modifi-
cations has become available to the nucleic
acid chemist. Indeed, rapid development in
this field, owing in no small part to the suc-
cesses of research on previous and ongoing
antisense technologies (Corey, 2007), has pro-
vided the understanding and tools with which
siRNA therapeutics may begin to realize their
full potential.

While rapid progress has been made in this
field of study, several frontiers remain to be
explored with chemically modified siRNAs,
Most of the currently used strategies have sig-
nificant sequence dependence; thus, a remain-
ing challenge is to find universal chemical
modification strategies, or to elucidate rules

to allow reliable prediction of which mod-
ifications and architectures will be effective
for a given sequence. Significant advances in
siRNA delivery technologies have also been
achieved, and in combination with chemi-
cal modification strategies, the prospects for
siRNA therapeutics are looking up.
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ABSTRACT

RNA 5-methyl and 5-propynyl pyrimidine analogs
were substituted into short interfering RNAs
(siRNAs) to probe major groove steric effects in
the active RNA-induced silencing complex (RISC).
Synthetic RNA guide strands containing varied com-
binations of propynyl and methyl substitution
revealed that all C-5 substitutions increased the
thermal stability of siRNA duplexes containing
them. Cellular gene suppression experiments using
luciferase targets in Hela cells showed that the
bulky 5-propynyl modification was detrimental to

RNA interference activity, despite its stabilization

of the helix. Detrimental effects of this substitution
were greatest at the 5'-half of the guide strand, sug-
gesting close steric approach of proteins in the
RISC complex with that end of the siRNA/mRNA
duplex. However, substitutions with the smaller
5-methyl group resulted in gene silencing activities
comparable to or better than that of wild-type
siRNA. The major groove modifications also
increased the serum stability of siRNAs.

INTRODUCTION

RNA interference (RNAI) represents a powerful molecu-
lar strategy for inhibition of gene expression (1-3). This
process can be induced by 21-23nt double-stranded
RNAs (dsRNAs), known as short interfering RNAs
(siRNAs) (4-6). These oligoribonucleotides (formed by a
sense and an antisense strand) are recognized by the
RNA-induced silencing complex (RISC) (7,8), a protein
complex located in the cytoplasm. After siRNA binding,
RISC is activated by ATP and carries out unwinding and
strand separation of the siRNA duplex, loading one RNA
(the antisense ‘guide’ strand) into the activated RISC com-
plex. The RISC complex uses the guide strand as a tem-
plate to find the complementary target mRNA (9) and
induces endonucleolytic cleavage of the mRNA (10-12),

preventing its translation into protein. Despite the signif-
icance of RNAI both as a biological tool and as a potential
therapeutic strategy, some important challenges remain,
including development of strategies for effective siRNA
delivery, improving stability against serum nuclease
degradation (13) and addressing low sequence specificity
that results in undesired ‘off-target’ activities (14,15). To
address these limitations and to further understand the
mechanism of silencing, several research groups have
been actively studying siRNAs with various chemical
modifications (16-19). However, most of the focus to
date has been on modifying the RNA backbone, and
few laboratories have modified the bases of siRNAs,
despite their central involvement in target recognition.

In recent studies, we and others (20-22) have begun to
investigate the physicochemical factors contributing to
mRNA sequence recognition by the RISC complex using
siRNAs containing modified nucleobases. In one study,
we used nonpolar base replacements to probe steric effects
of altering nucleobase shapes on the sequence specificity of
mRNA recognition; we found that base shape had a large
effect on the preferred target sequence, and that with the
unnatural bases, sequence specificity could be increased
over that of natural RNA (21). In a different study, we
incorporated a nonhydrogen bonding uridine isostere into
11 different positions in place of natural uridine along an
RNA guide strand (20). This experiment allowed us to
perturb the stability of the duplex in a systematic way.
We found that at 9 of 11 positions there was a very
close correlation of RNA duplex stability with gene
supression activity, such that more stable siRNA duplexes
showed better activity in suppressing the target mRNA
expression in HeLa cells. In those experiments, the non-
polar analog decreased stability, resulting in lower activ-
ity. However, if such a correlation were general, then in
principle, increases in RNA duplex stability (as a result of
chemical modifications) might increase RNAI activity over
that of natural RNA. Such duplex stabilization might add
favorable free energy that could compensate for the
unwinding of the mRNA target from its native structure.
In general, the experiments to date have revealed that both
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steric effects and thermodynamic stability of siRNAs play
substantial roles in their biological activity.

A survey of the literature shows that few nucleobase
modifications known to affect stability or sterics have
been tested for their effect on siRNA activity. Tn this con-
text, Rana and co-workers incorporated 5-bromouridine,
S-iodouridine and 2,6-diaminopurine (23) into siRNAs
and tested the cellular activity of the modified oligonucleo-
tides (24). The former two substitutions add a small
amount of steric size in the RNA major groove, and all
three may increase duplex stability to a small extent. It
was found that RNAs with these modifications could
induce RNAi-directed gene suppression, aithough to a
level significantly lower than the one observed for the
wild-type siRNA. On the other hand, several sugar mod-
ifications known to stabilize double helices, such as
2’-fluoro and 2'-0-Me substitutions (25), have been stud-
ied in siRNAs. In particular, siRNAs having 2'-fluoro
substitutions at internal positions along the guide strand
have been shown to display near wild-type activity (24).

Another class of major groove modification that is
known to increase RNA duplex affinity is the substitution
of alkyl and alkynyl functionality at the C-5 position of
pyrimidine nucleobases (26-30). The methyl group adds
~23 A? of steric bulk in the major groove, while the pro-
pynyl group adds ~53 A®. Both types of substitution not
only add steric size, but also stabilize duplexes. For exam-
ple, in one context, each methyl in a 12-mer RNA
increased the favorable free energy of duplex formation
by 0.3 kcal/mol, yielding several kilocalories per moles of
total stabilization in short duplexes with multiple substitu-
tions (26). Interestingly, the larger, unsaturated propyne
group is expected to exert even greater effects on duplex
stabilization (28). This substitution in DNA was shown to
increase the melting temperature (T,,) of a DNA:RNA
hybrid by 0.9-2.6°C per modification (28,31). Both the
methyl and propynyl stabilization effects are likely due
to enhanced base stacking propensity (25,31,32,33). The
application of propynyl-substituted oligonucleotides as
antisense agents in cell cultures has been well documented
(34-38). However, to the best of our knowledge, there are
no published studies of the effects of the 5-propynyl sub-
stitution in siRNAs. As for methyl substitution, we know
of no previous reports of methyl effects on ribonucleotides
in siRNA. However, Eberle ef al. (39) recently described
siRNAs containing deoxythymidine substitutions, in
which methyl groups and deoxy sugars were incorporated
together. Interestingly, they found that four substitutions
led to a decrease in off-target effects in plasmacytoid den-
dritic cells without affecting gene silencing activity.
However, they did not test for positional effects. It is
well-known that the 5-half of the siRNA duplex (as
defined by the antisense strand) is functionally distinct
from the 3’-half, due to the asymmetric nature of siRNA
recognition for initiation of unwinding (24,40), and in
addition, interactions of the RISC protein(s) with the
guide and mRNA are expected to be different at the two
ends as well. Thus, a detailed study comparing the posi-
tional effects of 5-substitutions of different size on RNAi
activity would be valuable in probing major groove steric
effects in the active RISC complex.

Nucleic Acids Research, 2009, Vol. 37, No.2 347

Here we explore the effects of methyl and propynyl sub-
stitution on siRNA duplex stability and on cellular RNA|
activity. The goals of these studies are (i) to probe major
groove steric effects in the active RISC complex and (ii) to
evaluate whether enhanced duplex stability has a positive
effect on RNAi activity. Furthermore, we explore the
effects of these nucleobase modifications on the sensitivity
to siRNA degradation in human serum, since the unnat-
ural C-5 substitution might alter biostability, thus contrib-
uting in a different way to the activity.

MATERIALS AND METHODS
Nucleoside phosphoramidite synthesis

The S-propynylU ribonuclecside was prepared as
described (41). For automated RNA synthesis, the
S-dimethoxytrityl, 2’-O-TOM (TOM = {[(triisopropylsily!)
oxy]methyl), 3’-O-phosphoramidite derivative was pre-
pared. Details are given in the Supplementary Data.

RNA preparation

Modified and unmodified 21-nt RNAs (passenger strand
and guide strands 1-9) were synthesized on the 1 umol
scale on an applied Biosystems 394 synthesizer using

2'-TOM-phosphoramidites (42,43). Acetonitrile (synthesis_

grade), the 2’-TOM protected phosphoramidite monomers
of A, C, G, U and S-methylC and the 2’-OTBDMS pro-
tected phosphoramidite monomer of 5-methylU were
from commercial suppliers. 5-Ethylthio-1H-tetrazole was
used as activator. The standard coupling time of 6 min was
used for the four standard phosphoramidites and an
increased coupling time of 15min was used for the mod-
ified 5-propynylU, 5-methylC and 5-methylU phosphora-
midites. All oligonucleotides were synthesized in DMT-off
mode. After the solid-phase synthesis, the solid support
was transferred to a screw-cap vial and incubated at
room temperature for 16 h with 1.5 ml methylamine solu-
tion (prepared by mixing one volume of 40% aqueous
methylamine with one volume of 33% methylamine in
ethanol). The vial was then cooled on ice and the super-
natant was transferred into a 2ml eppendorf tube and the
support was rinsed with 50% ethanol (2 x 0.25ml). The
combined solutions were evaporated to dryness using an
evaporating centrifuge. The residue that was obtained was
dissolved in 1ml of 1M tetrabutylammonium fluoride
(TBAF) in tetrahydrofuran (THF) and rocked at 37°C
for 12h. Then, 1m! of 1M TrissHCl (pH 7.4) was
added and the oligonucleotide was desalted on a NAP-
25 column using water as the eluant and evaporated to
dryness. After purification by 20% denaturing polyacry-
lamide gel, the oligonucleotides were isolated by the crush
and soak method, quantified by absorption at 260 nm and
confirmed by MALDI mass spectrometry (Supplementary
Data). Sequence-scrambled control siRNAs were synthe-
sized by the protein and nucleic acid (PAN) facility at
Stanford University.

UV-monitored thermal denaturation

Absorbance versus temperature curves of duplexes were
measured at 1uM strand concentration in 15mM
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HEPES-KOH (pH 7.4), I mM MgCl; and 50mM KOAc
buffer and in low salt buffer 2mM sodium phosphate,
pH 7.0, 1 mM ethylenediaminetetraacetic acid (EDTA)).
Experiments were performed on a Varian Cary UV-vis
spectrophotometer equipped with thermoprogrammer.
The samples were heated to 95°C, allowed to slowly cool
to 25°C, and then warmed during the denaturation experi-
ments at a rate of 1°C/min to 95°C, monitoring absor-
bance at 260nm. The data were analyzed by the
denaturation curve processing program, MeltWin v. 3.0.
Melting temperatures (T,) were determined by computer-
fit of the first derivative of absorbance with respect to 1/7.

RNAi methods

HeLa cells were grown at 37°C in Dulbecco’s modified
Eagle’s medium (DMEM; GIBCO) supplemented with
10% fetal bovine serum (FBS), 100 U/ml penicillin and
100 pg/ml streptomycin. Cells were regularly passaged to
maintain exponential growth. Twenty-four hours before
transfection at 50-80% confluency, mammalian cells
were trypsinized and diluted 1:5 with fresh medium with-
out antibiotics (1-3 x 10°cells/m!) and transferred to
24-well plates (500 pl per well). Two luciferase plasmids,
Renifla luciferase (pRL-CMV) and firefly luciferase
(pGL3) from Promega, were used as reporter and control,
respectively. Cotransfection of plasmids and siRNAs was
carried out with Lipofectamine 2000 (Life Technologies)
as described by the manufacturer for adherent cell lines.
Per well, 1.0ug pGL3-Control, 0.1 uyg pRL-CMV and
0.03-26nM siRNA duplex formulated into liposomes,
were applied; the final volume was 600l per well. The
cells were harvested 22h after transfection, and lysed
using passive lysis buffer, 100pl per well, according to
the instructions of the Dual-Luciferase Reporter
Assay System (Promega). The luciferase activities of the
samples were measured using a Fluoroskan Ascent FL
Luminometer (Thermo Electron Corporation, USA)
with a delay time of 2s and an integrate time of 10s.
The following volumes were used: 20l of sample and
30pl of each reagent (Luciferase Assay Reagent IT and
Stop and Glo Reagent). The inhibitory effects generated
by siRNAs were expressed as normalized ratios between
the activities of the reporter (Renilla) luciferase gene and
the control (firefly) luciferase gene.

Stability assays

The dsRNAs (14uM) were incubated in 90% human
serum, and the mixture was incubated at 37°C for various
lengths of time (Omin, 15min, 30min, 120min and
240 min). At the time points indicated, 1% sodium dode-
cyl sulfate was added and mixtures were heat-denatured
for Smin at 100°C. siRNAs were isolated by hot phenol
extraction in the presence of sodium dodecyl sulfate fol-
lowed by ethanol precipitation. Re-suspended RNA sam-
ples were run on a denaturing 14% polyacrylamide gel
containing 20% formamide. RNA bands were visualized
with the ‘Stains All’ reagent (Sigma-Aldrich) according to
the manufacturer’s instructions.

RESULTS AND DISCUSSION

Design and synthesis of modified guide-RNA strands
containing S-methyl and 5-propynyl substitutions

The 5-propynylU (PU), 5-methylU ("U) and/or S-methylC
("C) monomers (Figure 1) were incorporated into differ-
ent positions in place of natural rU and rC along a 21-mer
RNA guide strand that targets an A-rich site 501-519 of
Renilla luciferase mRNA (20,21). The 5-methylU and
S-methylC monomers were obtained from commercial
sources. The S-propynylU monomer was synthesized
using known Sonogashira chemistry according to the lit-
erature (41,44) (see the Supplementary Data for details).
We prepared RNAs containing no substitutions (wt,
sequence 1), S-methyl groups at internal positions
[methylC in place of C (2)], propynyl groups at spaced-
out positions along the guide strand (3), fully substituted
with 11 propynyl groups (4) and substituted with propynyl
and methyl groups [methylC and propynylU (5)].
Moreover, we focused attention on predominantly
§-modified and predominantly 3’-modified siRNA
duplexes, in order to localize any possible steric effects.
To this end, S-propynylU or S-methylU were incorporated
within the antisense (guide) strand predominantly on the
¥-half (RNAs 6 and 7) or predominantly on the 3'-half
(RNAs 8 and 9).

Thermal denaturation studies

First we measured the effects of these substitutions on
thermal stability of the siRNA duplex formed by these
sequences paired with the passenger strand (Figure 2).
Compared to the unmodified RNA sequence, all substi-
tuted oligoribonucleotides had greater duplex stability
(as evaluated by higher T,, values) when hybridized to
their RNA complement (see data in Figure 2 and in
Supplementary Table S2). As expected, the incorporation
of the propyne group at the position 5 gave rise to a sub-
stantially larger stabilization of the RNA duplex com-
pared with the 5-methyl modification. The incorporation
of S5-propynylU residues resulted in an increase of
1.3-1.8°C per modification depending on the position of
substitution. The contribution of the S-methylC was smal-
ler (1.0°C per methyl group), and S-methylU substitution
yielded the smallest stabilization, at 0.2-0.7°C per substi-
tution. The rank order of duplex T, was: eleven
S-propynylU (4) > five S-propynylU and five methylC
(5)>six  S-propynylU on the 3-half (8)>six
S-propynylU on the S'-half (6) = five propynylU at
spaced-out positions along the guide strand (3)> five

0 o NH,
S S & A &
HO o) HO. 0  HO NSO
o) N o) \(0{4
T/":T ;—\T I
HO OH HO OH HO OH
PU ~J mC

Figure 1. The 5-substituted nucleosides employed in this study.
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5-methylC at internal positions (2) = six 5-methylU on the
3¥-half (9) > six 5-methylU on the 5'-half (7).

Effect of S-methyl and S-propynyl substitutions on RNAi
activity

We then carried out separate RNAi studies in Hela
cells with siRNA duplexes containing each of the eight
modified guide-RNA strands containing 5-methylU,
5-propynylU and/or 5-methylC substitutions (2-9), as
well as with the unmodified (wt) RNA (1). Experiments
were carried out in triplicate. The cells were first trans-
fected with dual reporter plasmids that express Renilla
luciferase (the target) and nontargeted firefly luciferase
as an internal nontargeted control. The effects of the dif-
ferent RNAs on luciferase expression were evaluated
after dosing with 0.21-210ng (0.03-26 nM) of dsRNA in
the cell media, and measuring luminescence responses
after 22 h, The results, showing Renilla luciferase activity

Tn (°C)

passenger TTAAAAAGAGGAAGAAGUCUA &
suide & {TUU"LTU(.'UCCUU(.'UUCAGAU’I';] 1 70.2
TUUUURCU" C*CUU™CUU™CAGAUTT 2 74.0
TP UUCUCCUPUCTUPUCAGATUTT 3 78.0
VTP UCPUCCUPUCP TP UCAGAPUTT 4 87.0
WUUPUURCURCRCUPURCUPUCAGATUTT & 82.0
rPUTUT U UCCUU CUUCAGAUTT 6 77.8
*OMUUT TN UCTUCCUUCUUCAGAUTT 7 712
TUUTUCUCCTPUCTTUCAGAPTPUT 8 81.0
TUTUUCUCC™URUCT UM UCAGAU™UT 9 74.0

Figure 2. Sequences of modified guide-RNAs (1-9) and of passenger
RNA used in the RNAj experiments and 7, data. Sites of propynylU
(*PU%, methylU (‘™U") and methylC (*"C’) substitutions are indicated
in bold. T,ns were measured in 15mM HEPES-KOH (pH 7.4), | mM
MgCl, and 50mM KOAc. T, data from lower ionic strength solution
are included in the Supplementary Table S2.

1.2
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normalized to firefly luciferase, are represented in
Figure 3. Surprisingly, 5-propynylU siRNAs disrupted
Renilla luciferase-specific RNAIi activity despite the
strong stabilization that this substitution causes.
Incorporation of 11 5-propynylU units within the guide
strand (RNA 4) caused loss of most of the interference
activity even at the highest siRNA concentration
(26 nM). Similar results were observed for the guide
RNA containing six S-propynylU substitutions on the
5'-half (6). Interestingly, and in contrast, incorporation
of six 5-propynylU groups on the 3’-half (8) did not dis-
rupt RNAI activity, although gene silencing was not as
efficient as for the wild-type RNA. At siRNA concentra-
tion of 0.3 nM, Renilla luciferase expression was ~59% for
sequence 6, ~24% for sequence 8 and ~12% for the wild-
type siRNA (1). These contrasting results support the idea
that the major groove of the siRNA/mRNA active sub-
strate is more sterically sensitive in the 5'-half of the anti-
sense strand of the duplex than the 3’-half. This is also
consistent with previous observations that mismatches
near the 5'-half of a siRNA caused negative effects on
RNAI activity, whereas siRNAs mismatched at the 3
retained a significant level of gene silencing (24). We sur-
mise that close fitting of protein around the guide/mRNA
complex may result in more costly disruptions at the
5'-end.

In contrast, the 5-methyl substitution did not disrupt
RNAI activity. When S-methylC was incorporated into
positions 6, 8, 9, 12 and 15 in place of natural C along
the guide RNA strand containing five S-propynylU sub-
stitutions (3), gene silencing was more efficient than that
observed for 3, which contained the propynyl groups
alone (81% knockdown for § wversus 73% for 3).
Moreover, guide RNAs having five 5-methylC substitu-
tions at internal positions (2), six 5-methylU residues on
the 5'-half or six 5-methylU’s on the ¥-half (7 and 9,
respectively) showed activity comparable to or better
than that of the wild-type siRNA (Figure 4). For example,
at a siRNA concentration of 0.3nM, Renilla luci-
ferase gene silencing was 86.0+0.8% for sequence 2,

1_0,£ e s e

0.8 1

0.2 4
. oBNE LR
1 4 [}

normalized luciferase activity

buffer

| i |
3 5

siRNAs

Figure 3. Plot of gene-specific RNAI activity for S-propynyl and 5-methyl substituted siRNAs at different sites in the Renilla luciferase mRNA

expressed in HeLa cells. Varied amounts of RNA were added as shown.
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89.0+0.3% for 7, 92.1 +0.3% for 9 and 88 +0.4% for the
wild-type siRNA (1). At all siRNA concentrations from
0.1nM to 26nM, the methylated RNAs 7 and 9 showed
small but statistically significant increases in gene supres-
sion activity.

To ensure the specificity of the observed effects,
sequence-scrambled siRNAs (as negative controls) were
used. Cells cotransfected with scrambled versions of the
unmodified siRNA 1 and scrambled versions of two of the
more active chemically modified siRNAs (2 and 9) (see
sequences in Supplementary Figure 1) showed levels of
Renilla luciferase activity similar to those of cells trans-
fected with plasmids alone (see data in Supplementary
Figure 2). The results indicate that the siRNAs used in
this study do indeed specifically induce inhibition of
expression of the target gene.

The above results showed that the significant increase in
thermal stability caused by the 5-propynyl substitution
did not have positive effects on activity. As a result,
there is no general correlation of T, with gene suppression
ability (Figure S). However, in contrast to this, the less
stabilizing S-methyl substitution resulted in siRNAs dis-
playing activity at least comparable to that of the unmod-
ified siRNA (Figure 4). Thus the methyl substitution,
possibly as a result of its positive influence on stability,
favorably affects biological activity, while the larger pro-
pynyl group does not.

We hypothesize that this difference between methyl and
propynyl substitution may result from steric effects in the
RNA duplex. Rana and co-workers reported that RNAI

70
60 [0 rNat
£] ruaz
a\:: 50 RNAT
f‘;‘
2 RNAS
8 40
Q
0
o
8
T 30
2
2
S 20
10
0

0.03 0.1 0.3 26 26
RNA concentration (nM)

Figure 4. Plot comparing RNAI activity of methylated siRNAs (2, 7, 9)
to unmodified siRNA (1). Data are from Figure 3, plotted on a scale
that allows for ready comparison of highest activity RNAs. Note the
consistently greater gene supression by 7 and 9 relative to 1.

absolutely requires A-form helix formation between target
mRNA and its guiding antisense strand (40). Structurally,
methyl and propynyl functionalities located at the position
5 of pyrimidine nucleosides would lie in the major groove
of the dSRNA. Our results show that both of these groups
stabilize the RNA duplex, and thus likely do not affect
major groove structure strongly. However, the RNAI
activities suggest that the propynyl substituent, as a
bulky group, may sterically hinder protein contacts in
the major groove around the 5'-half of the active RISC
complex. In contrast, the methyl group is substantially
smaller (by ~2.6 A in length) (45,46), and appears to be
well tolerated at all regions of the active siRNA. A recent
crystal structure of the PTWI domain of the Ago 2 protein
(a key component of RISC) in complex with a 16-nt
siRNA-like duplex (47) reveals potential steric clashes
between bulky substituents at the C-5 position of Ul
and U2 residues and the protein. This structure contains
a highly conserved metal-binding site that recognizes the
S’-end of the guide strand. Methyl or propynyl groups
introduced at the C-5 position of Ul and U2 residues
would point toward the llel42 and the Tyr124 residues
of the PIWI domain, respectively (Figure 6). The distances
between the C-5 atom of Ul and the Cy atom of Ile142
(3.99 A) and between the C-5 atom of U2 and the hydro-
xyl group of Tyr124 (4.07 A) suggest that a S-propynyl
substitution might cause a serious steric conflict, whereas
a 5-methyl group might be well tolerated. Based on these
observations we speculate that such steric clashes might
lead to loss of important interactions between the 5'-end
of the guide strand and the protein residues involved in its
recognition (47,48). On the other hand, 3’-nucleobases of
the guide strand are not likely involved in direct contacts
with the protein. A crystal structure of the PAZ domain of
Ago 2 in complex with a 9-mer siRNA-like duplex, which
mimics the ¥-overhanging end of a guide strand bound to
a target mRNA (pdb code 1S12) (49), reveals interactions
predominantly between the phosphodiester backbone
of the 3’-end of the guide strand and the protein. Thus,
based on the above described hypotheses one could expect

100 %0
suppression / %
93+ s Ten1°C #3 %+ 85
%
0 110
®
% 701 +75
P
2
60 + 70
g *
§ 509 + 65
o
401 160
304 a 1%
20+ 5
1 4 5} 8 3 5 2 7 ]

Figure 5. Dual plot comparing helix stability (T,,) and RNA gene
knockdown activity (percent suppression) with S-propynyl and
S-methyl substitutions along the guide strand of siRNA duplexes at
different positions. Suppression data are for siRNA concentrations of
0.3nM.
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le142

A Tyr123

Figure 6. Models of interactions between the PTWT domain and the 5'-nucleobases of a siRNA-like guide strand. Adapted from the crystal structure
of a Piwi protein from Archaeoglobus fulgidus (AfPiwi) in complex with a siRNA-like duplex (pdb code 2bgg). The figures were prepared with

PyMOL (http://pymol.sourceforge.net/).

negative effects on RNAI activity for siRNAs having five
bulky substituents at positions 1 and 2 of the guide strand.
This hypothesis needs further exploration but may provide
a satisfactory explanation to the observation that RNAi
activity was significantly low for guide-siRNAs having
S-propyny! substitutions at positions 1 and 2 (4 and 6),
markedly higher for siRNA 3, which has a 5-propynyl
substitution at position 2 and a natural U nucleobase at
position 1, and much higher activity for predominantly
3'-propynyl-modified siRNA 8.

Stability of modified siRNAs in human serum

Since the above experiments showed that siRNAs modi-
fied with 5-substituted nucleobases could effectively medi-
ate RNAI activity to levels comparable to wild-type RNA,
it was of interest to study the serum stability of these
oligonucleotides. To carry out such studies, unmodified
or modified dsRNAs were incubated in 90% human
serum. At various time points, siRNAs were extracted,
analyzed on a 20% polyacrylamide gel under denaturating
conditions and visualized by staining (Supplementary
Data). Unmodified double-stranded siRNA (wt, 1)
showed low stability with ~50% and 0% of the original
siRNA remaining intact through 30min and 2h in
serum, respectively. Double-stranded siRNAs with six
S-methylU’s on the S'-half and six 5-methylU on the
3’-half (7 and 9, respectively) demonstrated an increase
in stability over the course of the experiment, with half-
lives twice that of unmodified guide strand (Figure 7).
Similar results were observed for strand 2, which con-
tained five 2-methylC residues at internal positions. Inter-
estingly, double-stranded siRNA having five 5-methylC

250
- modified
strand
200 ~
U unmodified
strand

half-life of intact RNA (min)

siRNA duplex

Figure 7. Oligoribonucleotide [modified (guide) and unmodified
(passenger) strands] half lives in 90% human serum, from stained gel
data. Half-life is defined as the time at which full-length RNA staining
density is half that of the density at time zero. Error is estimated at
+30%.

and 5-propynylU residues along the antisense strand (5)
displayed strongly enhanced stability, with the original
siRNA population remaining intact for the duration of
the experiment (4h). In order to determine the effect
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of the S-methyl substitutions on serum stability, the
5-methylC residues of strand 5 were replaced by natural
cytidine. Although the resulting modified strand (3) was
significantly more stable than the wild-type siRNA (1), it
showed strongly decreased stability as compared with the
siRNA containing five 5-methylC and five 5-propynylU
residues (5), showing the positive effect of propynyl
groups. Finally, the results for strand 11, which was
fully substituted with 11 propynyl groups, were similar
to those observed for 3. Thus, we can conclude that, in
general, incorporation of 5-methyl and 5-propynyl substi-
tutions along the guide strand cause an increase in serum
stability. The above results further suggest that the half-
life of the resulting modified siRNAs likely depends also
on the position of the substitution along the guide strand.

We and others (39) have noted that incorporation of
S-methyl substitutions into guide-siRNAs did not disrupt
RNAI activity, while in contrast, previous studies with
5-bromo- and S-iodo-substitutions revealed lowered activ-
ity of the siRNAs containing them (24). The origin of this
difference is unclear at present, and may be due either to
chemical differences associated with methyl versus halogen
substitution, or to differences in the RNA targets in the
two studies. Although a number of base substitutions have
been studied previously in RNAI, only the methy! substi-
tution has shown to yield gene suppression activity com-
parable to that of substituted RNA.

CONCLUSIONS

In summary, we have evaluated steric and stability effects
on RNAI activity by use of siRNAs modified with propy-
nyl and methyl functionalities at the C-5 position of
pyrimidine nucleobases. Our results suggest that at the
5-half of the guide RNA, large increases in the size of
the functionality at the position 5 of pyrimidine nucleo-
bases can be detrimental to RNAI activity. Despite the
strong stabilizing effects of the 5-propynyl modification,
this bulky substitution caused negative effects in RNAI
activity, probably due to disruption of interactions in
the major groove of the active RISC complex. However,
the smaller S-methyl substitution did not adversely affect
gene silencing activity. Furthermore, this modification
contributed positively to stability of siRNAs in human
serum. Thus, our work offers an avenue for the design
of future RNA agents for biomedical applications of
siRNAs, and adds support to the notion that modified
nucleobases can play an important role in biological activ-
ity and sequence selectivity of siRNAs (16-22,24).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Comparison of the Suppressive Effects of Antisense
Oligonucleotides and siRNAs Directed Against the Same
Targets in Mammalian Cells

MAKOTO MIYAGISHL'? MARIKO HAYASHI,! and KAZUNARI TAIRA!?

ANEXD 17

ABSTRACT

RNA interference appears to be a potentially powerful tool for studies of genes of unknown function.
However, differences in efficacy at different target sites remain problematic when small interfering
RNA (siRNA) is used as an effector. Similar problems are associated with attempts at gene inactiva-
tion using antisense oligonucleotides (ODNs) and ribozymes. We performed a comparative analysis
of the suppressive effects of three knockdown methods, namely, methods based on RNA interference
(RNAI), antisense ODNs, and ribozymes, using a luciferase reporter system. Dose-response experi-
ments revealed that the IC;, value for the siRNA was about 100-fold lower than that of the antisense
ODN. Our results provide useful information about the positional effects in RNAi, which might help

to improve the design of effective siRNAs.

INTRODUCTION

THE DRAFT SEQUENCE OF THE HUMAN GENOME (Interna-
tional Human Genome Sequencing Consortium,
2001; Venter et al., 2001) includes many genes of un-
known function, and identification of these genes is of
great importance. Methods for disrupting the expression
of specific genes are critical for accurate analysis of the
functions of unknown genes, and at present, three major
tools, namely, antisense oligonucleotides (ODNs), ri-
bozymes, and RNA interference (RNAI), are available
for suppression of the expression of individual specific
genes.

Antisense ODNSs are short pieces of synthetic, chemi-
cally modified DNA that are designed to bind to their tar-
get mRNA via Watson-Crick base pairing, thereby
specifically inhibiting the expression of the target mMRNA
(Dove, 2002). As opposed to the apparently simple the-
ory, the mechanism of inhibition by antisense ODNs

seems to involve several complicated steps, including in-
hibition of translation, splicing, or transport of the target
mRNA or degradation of the DNA/RNA hybrid by
RNase H.

Ribozymes are RNA molecules with enzymatic activi-
ties that bind selectively to and cleave specific target
RNAs (Kuwabara et al., 2000a,b; Takagi et al., 2001). It
was expected initially that ribozymes might be useful as
therapeutic agents and as tools for the functional analysis
of genes of interest. However, high-level activities or ri-
bozymes in vivo depend on the stability and localization
of the transcript, the cleavage activity, and the accessibil-
ity of the target RNA to the ribozyme. Nonetheless, a chi-
meric tRNAY? ribozyme, transcribed at a high level from
a pol Il promoter, with considerable stability in cells and
the capacity for translocation to the cytoplasm, has
yielded many successful results in cultured cells and ani-
mals (Kato et al., 2001; Koseki et al., 1999; Tanabe et al.,
2000).

'Department of Chemistry and Biotechnology, School of Engineering, The University of Tokyo, Hongo, Tokyo 113-8656,

Japan.

’Gene Function Research Laboratory, National Institute of Advanced Industrial Science and Technology (NIAIST), Tsukuba

Science City 305-8562, Japan.

000166



RNAI is a recently discovered knockdown phenomenon
thatis induced by double-stranded RNA (dsRNA) and that
has been demonstrated in plants, nematodes, Drosophila,
protozoa, and mammalian cells (Fire et al., 1998; Fire,
1999; Hammond et al., 2001b; Sharp, 2001; Zamore,
2001; Caplen et al., 2001; Elbashir et al., 2001a). The
mechanism of RNAI is not fully understood, but recent ge-
netic and biochemical studies have revealed some details
at the molecular level. Inside the cell, dSRNAs are digested
into fragments of 21-23 nucleotides (nt), with a 2-nt 3'-
overhand, by an RNase Il-related enzyme, designated
Dicer (Bernstein et al., 2001). Subsequently, these small
fragments, known as small interfering RNAs (siRNAs),
are incorporated into the RNA-induced silencing complex
(RISC) (Hammond et al., 2001a; Nykanen et al., 2001).
The active complexes containing the guide RNA recog-
nize and cleave the target RNA.

The activity of siRNA is high even at low concentra-
tions, without apparent toxicity. However, recent reports
suggest that the efficacy of siRNA exhibits serious depen-
dence on the target site, as is the case for antisense ODNs
and ribozymes, which might significantly limit the conve-

MIYAGISHI ET AL.

nient use of siRNA (Holen et al., 2002; Miyagishi and
Taira, 2002). In the present study, we compared the effi-
cacy of suppression and positional dependency of these
knockdown methods, using antisense ODNs and RNA..

MATERIALS AND METHODS

Cell culture, transfections, and assays of expression of
reporter genes

HeLa S3 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). Transfections were performed with
Lipofectamine™ 2000 reagent (Life Technologies,
Rockville, MD) using 1 nM siRNA or 100 nM ri-
bozymes, as described by the manufacturer. For experi-
ments with antisense ODNGs, cells were transfected with
30 ng of an RSV-Renilla luciferase plasmid (pRL-RSV)
(Miyagishi et al., 2000), 30 ng of a firefly luciferase ex-
pression vector pGL3 (Promega, Madison, WI) using Fu-
GENE 6 (Roche Applied Science, Mannheim, Germany),
and 200 nM antisense ODNs using Oligofectamine™

Site 1

Site 2

Site 3

Site 4

Site 5

Site 6

siRNA(sense)
siRNA(antisense)
Antisense ODN
Ribozyme

siRNA(sense)
siRNA(antisense)
Antisense ODN
Ribozyme

siRNA(sense)
siRNA(antisense)
Antisense ODN
Ribozyme

siRNA(sense)
siRNA(antisense)
Antisense ODN

siRNA(sense)
siRNA(antisense)
Antisense ODN
Ribozyme

siRNA(sense)
siRNA(antisense)
Antisense ODN
Ribozyme

5'-CUUACGCUGAGUACUUCGAUU-3'
5'-UCGAAGUACUCAGCGUAAGUU-3'
5-CATTTCGAAGTACTCAGCGT
5-GGUUGCAACCUGAUGAGGCCGA
AAGGCCGAAACUCAGCGUAAG-3'

5'-UUCGUCACAUCUCAUCUACUU-3'
5-GUAGAUGAGAUGAGACGAAUU-3'
5'-GGAGGTAGATGAGATGTGAC
5-GGGGUAGAUCUGAUGAGGCCGA
AAGGCCGAAAGAUGUGA-3'

5-UGCCAGAGUCCUUCGAUAGGG-3'
5'-CUAUCGAAGGACUCUGGCACA-3'
5'-CCTATCGAAGGACTCTGGCA-3'
5'-GGATCGAAGCTGATGAGGCCGAA
AGGCCGAAAACTCTGGC-3'

5-GUGCGCUGCUGGUGCCAACUU-3'
5'-GUUGGCACCAGCAGCGCACUU-3'
5-TTGGCACCAGCAGCGCACUU-3'

5-UAAGGAAGUCGGGGAAGCGGU-3'
5'-CGCUUCCCCGACUUCCUUAAG-3'
5-CCGCTTCCCCGACTTCCTTA-3'
5-GGCUUCCCCCUGAUGAGGCCGA
AAGCCGAAACUUCCUU-3'

5-CAGGUGGCUCCCGCUGAAUUG-3'
5-AUUCAGCGGGAGCCACCUGAU-3'
5-AATTCAGCGGGAGCCAGGTG-3'
5-GGUCAGCGGCUGAUGAGGCCGA
AAGGCCGAAAGCCACCU-3'

FIG. 1. Designof siRNAs and antisense ODNG targeted to six sites in the firefly gene for luciferase.
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COMPARISON OF AS-ODN AND siRNAs

(Life Technologies) in Optimem medium (Life Tech-
nologies). Three hours after transfections, the medium
was replaced by serum-containing medium. Luciferase
activities were analyzed after 24 hours with the dual-lu-
ciferase system (Promega).

RNA and antisense ODNs

RNA ODNs were synthesized by an automated synthe-
sizer (model 394) (Applied Biosystems, Foster City,
CA). The synthetic RNAs were deprotected and purified
by electrophoresis on a denaturing polyacrylamide gel.
After elution from the gel, the RNAs were desalted by
passage through a NAP-10 column (Amersham Pharma-
cia Biotech, Piscataway, NJ) in RNase-free water, Frac-
tions were reduced to dryness under a vacuum, and
residues were resuspended in annealing buffer (phos-
phate-buffered saline [PBS], pH 6.8, 2 mM MgCl,).
RNA oligonucleotides (10 #M) were annealed by incu-
bation at 95°C for 1 minute, cooled to 70°C, and subse-
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quent slowly cooled to 4°C for 2 hours. The sequences of
the sense and antisense strands of negative control
siRNA were follows: sense, 5'-CUU UCA GCU UCG
AUG UAG GTT-3’, antisense, 5'-CCU ACA UCG AAG
CUG AAA GTT-3'. HPLC-purified phophorothioate
ODNs were purchased from Hokkaido System Science
Co., Ltd. (Sapporo, Japan). The sequence of the negative
control antisense ODN was 5'-CCA ATG TCA AGC
ACT TCC GTT-3'. Ribozymes were synthesized from
annealed synthetic ODNs by transcription from a T7 pro-
moter using MEGAShortscript™ T7 kit (Ambion, Austin,
TX) and purified by electrophotesis on a urea-polyacry-
lamide gel (7 M urea, 20% polyacrylamide).

RESULTS
Selection of target sites in firefly gene for luciferase

We used a dual-luciferase assay system to evaluate the
suppressive effects of the three knockdown methods, us-

Renilla

C _ w

Luciferase activity (arbitrary units)

R
86%505%6

FIG. 2. Effectsof antisense ODNs targeted to the firefly gene
for luciferase on luciferase activity in HeLa S3 cells. (A) The
values of firefly luciferase activity, normalized by reference to
Renilla luciferase activity. (B) The absolute values of firefly lu-
ciferase activities. (C) The absolute values of Renilla luciferase
activities. In another experiment, we confirmed that another,
negative control ODN had no effect (data not shown). Values
are means * SEM of results from three transfections in each
case.
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ing synthetic phosphorothioated antisense ODNs, syn-
thetic siRNAs, and synthetic ribozymes. In this system,
we measured firefly and Renilla luciferase activities in
the same sample, and suppressive effects on the expres-
sion of firefly luciferase were standardized by reference
to the expression of Renilla luciferase, which allowed ac-
curate evaluation of the suppressive effects. We selected
six target sites within the coding region of the firefly
gene for luciferase. Each target sequence included the
NUX triplet motif at the center of the sequence, as this is
the motif at which cleavage by the hammerhead ri-
bozyme occurs. N can be any residue, and X can be C, U,
or A. The length of each arm of the ribozyme was set at
7-9 nt.

In the case of RNAI, the cleavage site for a target RNA
has been identified as being 11 nt downstream of the tar-
get position that is complementary to the 3'-most nucleo-
tide of the antisense strand of the siRNA (Elbashir et al.,
2001a,b). We selected six sites for siRNAs that over-
lapped the cleavage site as the ribozyme (the cleavage
sites were not necessarily identical, but the annealing re-
gions overlapped each other). A length of 21 ntand a 2-nt
3'-overhang were chosen for the siRNA because this
form of siRNA was shown to be most effective with
Drosophila lysate in vitro (Elbashir et al., 2001b).

In our antisense experiments, we used 20-nt phosphoro-
thioate-modified oligonucleotides. However, as we used
ribozymes as controls for the stability of siRNAs, we did
not chemically modify the ribozymes. We used the naked
RNAs. Details of the various sense and antisense siRNAs
and antisense ODNs are shown in Figure 1.

Suppressive effects of antisense ODNs

In the first experiment, we examined the effects of an-
tisense ODNs against the gene for firefly luciferase. We
cotransfected HeLa S3 cells with a series of antisense
ODNs, the firefly luciferase expression vector, and the
Renilla luciferase expression vector, using various
cationic transfection lipids, including Lipofectin™, Lipo-
fectamine, Lipofectamine 2000, FuGENE 6, and Ef-
fectene™. The luciferase assays gave poor results because
the activities of Renilla luciferase, used as an internal
control, were too low or were unstable when we used an-
tisense ODNs at 200 nM or higher concentrations for
transfections. High doses of ODNs might have an in-
hibitory effect on the efficiency of transfection of plas-
mids, or they might act nonspecifically to block protein
synthesis.

Oligofectamine appeared to be a much better reagent
for transfection of antisense ODNSs. It is a recently devel-
oped low-toxicity reagent that was optimized for delivery
of ODNs. We continued to use FuGENE 6 for the trans-
fection of plasmids. We obtained greatly improved lucif-
erase activities, with stable values and low toxicity. Us-

MIYAGISHI ET AL.

ing this procedure, we evaluated the effects of antisense
ODNes targeted to six sites in the firefly gene for lucifer-
ase. As shown in Figure 2, cotransfections with antisense
ODNs that corresponded to site 1, site 2, site 3, site 5, and
site 6 of the firefly gene for luciferase plus the firefly lu-
ciferase expression vector and the Renilla luciferase ex-
pression vector caused decreases in firefly luciferase ac-
tivity of 59%, 55%, 57%, 23%, and 65% respectively.
The antisense ODN targeted to site 4 had stronger sup-
pressive activity (87%) without any negative effects on
Renilla luciferase activity, compared with the negative
control (Fig. 2C).

Effects of RNAi on expression of firefly
gene for luciferase

We transfected cells with siRNAs using the Lipofecta-
mine 2000 reagent. This lipid allows cotransfection of
HeLa S3 cells with siRNAs and plasmids at high effi-
ciency (Elbashir et al., 2001a; Miyagishi and Taira,
2002). We examined the suppressive activities of
siRNAs that corresponded to the six sites in the firefly
gene for luciferase and found that the siRNAs directed
againstsite 1 and site 4 strongly suppressed the luciferase
activity (92% and 95%), whereas the corresponding val-

Firefly/Renilla
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FIG. 3. Effects of siRNAs targeted to the firefly gene for lu-
ciferase on luciferase activity in HeLa S3 cells. HeLa S3 cells
were transfected with 30 ng Renilla luciferase expression vec-
tor (pRL-RSV), 30 ng firefly luciferase expression vector
(pGL3), and 1 nM siRNA directed against individual target
sites in the firefly gene for luciferase or with control siRNA.
Values were normalized by reference to Renilla luciferase ac-
tivity. Values are means = SEM of results from three transfec-
tions in each case.
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COMPARISON OF AS-ODN AND siRNAs

ues for site 2, site 3, site 5, and site 6 were much lower
(66%, 25%, 49%, and 48%, respectively) (Fig. 3). The
results demonstrated the positional dependence of RNAI,
as was also the case for the antisense ODNs. Although
the correlation coefficient between the results for anti-
sense ODNs and siRNAs was low (0.42), it is of interest
that the highest efficacy was observed at the same posi-

120

1C50=0.017 nM

100

80

60

40

20

Luciferase activity (% of control)

no oligo 0.1 0.03 0.01 0.003 0.001 (nM)

SiRNA

120

ICs50=1.8 NM

100

80

Luciferase activity (% of control)

60
40
20
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noolige 10 10 5 3 2 1 {nM)
control Antisense ODN

FIG. 4. Dose dependence of siRNAs and antisense ODNs on
luciferase activity. HeLa S3 cells were transfected with 30 ng
Renilla luciferase expression vector (pRL-RSV), 30 ng firefly
luciferase expression vector (pGL3), and the indicated amounts
of siRNA or antisense ODN directed againstsite 4 in the firefly
gene for luciferase or with control siRNA or control antisense
ODN. Values are means + SEM of results from three transfec-
tions in each case.
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FIG. §. Effects of ribozymes targeted to the firefly gene for
luciferase on luciferase activity in HeLa S3 cells. Values were
normalized by reference to Renilla luciferase activity. Values
are means = SEM of results from three transfections in each
case.

tion (site 4), even though the two systems are quite dif-
ferent. The low correlation between the antisense ODN
and siRNA may originate from the small difference of
target sites for siRNA and ODN at single nucleotide level
(especially at site 1 and site 2).

To compare the suppression efficacy of two methods,
we performed dose-response experiments of the siRNA
and the ODN on the suppression effect of luciferase gene
expression at site 4. Under this experimental condition,
the inhibitory concentration of 50% reduction for lucifer-
ase activity (ICs) for the siRNA and the ODN is 0.017
nM and 1.8 nM, respectively (Fig. 4). It is important to
note that the IC;, value of the siRNA was about 100-foid
lower than that of the antisense ODN.

Suppressive effects of ribozymes

We examined the effects of unmodified ribozymes di-
rected against the six sites in the firefly gene for lucifer-
ase. We demonstrated previously that ribozymes function
effectively in cells when transcribed as tRNA constructs
under the control of a pol III promoter (Kato et al., 2001;
Koseki et al., 1999; Tanabe et al., 2000). However, in the
present study, in order to compare the effects of concen-
tration as an index of stability in cells between siRNAs
and ribozymes, we introduced naked RNA ribozymes di-
rectly into cells, in the same way as we had introduced
antisense ODNs and siRNAs, in order to evaluate di-
rectly the activities of siRNAs and ribozyme, Ribozymes
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were synthesized by T7 polymerase, purified by elec-
trophoresis, and introduced into HeLa S3 cells with the
firefly luciferase expression vector and the Renilla lucif-
erase expression vector under the same conditions as
those used for siRNA, with the exception of significantly
higher final concentrations (100 nM; note that the con-
centration of siRNA was 1 nM; with Lipofectamine 2000
reagent) (Fig. 5). Even at these higher concentrations, we
observe no significant reduction in the expression of fire-
fly luciferase (data not shown).

DISCUSSION

The dual-luciferase system allows the accurate evalua-
tion of gene-suppressive effects and has been used
widely in analyses of the mechanism of RNAi (Elbashir
et al., 2001a,b; Miyagishi and Taira, 2002). Nonetheless,
there are only a few reports of application of the system
to analysis of the effects of antisense ODNs (Faria et al.,
2001). In present study, we established a system that al-
lowed us to evaluate antisense effects accurately by use
of different cationic lipids for antisense ODNs and re-
porter plasmids. Our protocol allowed us to compare site-
dependent effects between antisense ODNs and siRNAs.

Analysis of the effects of the siRNAs targeted to six
sites in the firefly gene for luciferase revealed that posi-
tional effects were not well correlated with positional ef-
fects on the efficacy of antisense ODNs, but both an
siRNA and an antisense ODN were most effective when
directed against site 4. This result implies that a major
factor in site dependence of the effect of siRNA might be
accessibility to the target mRNA, as is also the case for
antisense ODNs and ribozymes (Kawasaki et al., 2002;
Kawasaki and Taira, 2002; Krupp and Gaur, 2000;
Warashina et al., 2001). It is possible that the effects of
siRNA and ODN might share some common features.
However, we could not find any significant correlation
between structures of mRNA, as predicted by Mfold
(Zuker and Jacobson, 1998), and the suppressive effects
of siRNAs. However, more experimental data about the
accessibility of antisense ODN to target RNA in vitro and
in vivo are needed for more precise estimations of such a
relationship.

In our experiment with naked ribozymes, we failed to
detect suppressive activity even at a concentration of ri-
bozyme of 100 nM during transfection, despite the appar-
ent repressive activity of siRNA under similar conditions
at a concentration of 1 nM. This result was most likely
due to the poor resistance to nuclease of naked single-
stranded ribozymes in cells. By contrast, siRNAs, which
are 21-23-nt RNA duplexes with a 2-nt or 3-nt 3'-over-
hang, are considered to be much more resistant than ri-
bozymes to nucleases. Indeed, we showed previously
that an siRNA duplex was significantly more stable in
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cells than the cognate single-stranded sense or antisense
RNA, with transcription under the control of the identical
promoter in each case (Miyagishi and Taira, 2002). Dou-
ble-stranded siRNAs appear to be protected by RISC
from attacks by RNases, whereas ssRNA and ribozymes
are not protected by such proteins in cells. Thus, constitu-
tive expression of ribozymes from vectors is required for
the effective exploitation of ribozymes.

In our comparative analysis of three major methods for
suppression of gene expression, we found a low but sig-
nificant correlation between the effects of siRNA and an-
tisense ODN. Our results led to the hypothesis that one of
the major factors responsible for the dependence of the
activity of siRNA on its target site is accessibility to the
target mRNA. This working hypothesis should help us
focus on such effects and help us to clarify the mecha-
nisms of positional effects in the suppression of gene ex-
pression.
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Abstract RNAs, besides bridging genetic information
to proteins, the major determinants of bio-structures
and functions, serve as active regulators of gene
expression. Initiated nearly 20 years ago with ribozymes
(the small RNAs with catalytic activity providing fine
tuning of gene expression and function, used as
molecular scissors and tools for gene discovery), an
era of more complex and coordinated gene regulation
by small RNAs, siRNA, and miRNA has recently
started. Simple nucleotide complementarity results in
highly ordered and regulated events, such as assembly
of RNA and proteins, resulting in gene silencing either
by mRNA degradation or suppression of translation.
This article reviews our contributions to the understand-
ing of structure, the function of small RNAs, their use
in biotechnology, and the understanding of phenotypes
such as apoptosis, metastasis, and differentiation.

Key words  ribozymes - siRNA - miRNA -
regulation of gene expression - neuronal differentiation

The world of small RNA inaugurated by the
ribozyme: from gene silencing to gene discovery

RNA was previously viewed as a mere bridge between
DNA (reservoir of all genetic information) and protein
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(determinants of biological structure, function, and
integrity). Its perception as a simple vehicle for
deciphering the genetic code to a translatable readout
changed about 20 years ago when RNA with catalytic
activity, ribozyme—RNA molecule with enzymatic
properties—were discovered. Hammerhead ribozymes
(because of the resemblance of their two-dimensional
structure to a hammerhead) are the smallest ribozymes
that are used as molecular scissors in molecular biology
and biotechnology to elucidate and eliminate gene
functions (Haseloff and Gerlach, 1988; Rossi, 1999).
The RNA is induced to fold into its active conformation
by the binding of metal ions. It forms two domains: the
scaffold (domain 2), on which the ribozyme is built, and
the active center (catalytic domain called domain 1) of
the ribozyme. Over the last two decades, mechanisms of
action of hammerhead ribozymes describing the re-
quirement of divalent metal ions, definition of catalytic
domains, and sequence specificity (usually referred to as
target site specificity) have been largely demonstrated
(Minoshima et al., 2003). _

Ribozyme activity in vivo critically depends on its
effective level of expression, specificity, intracellular
stability, target co-localization, and accessibility to the
target site. These technical issues impose a major
difficulty in the use of ribozymes in vivo. Various
modifications of plasmids to express ribozymes in cells
have thus come into play. It was shown that the
ribozymes expressed under the control of a modified
RNA polymerase III promoter (tRNAY? promoter)
were efficiently expressed, highly stable, and exported to
the cytoplasm (Koseki et al., 1999; Kato et al., 2001;
Kuwabara et al.,, 200la, 2001b). Such expression
improved ribozyme activity in vivo by many fold.
However, efficiently expressed and highly stable ribo-
zymes may still lack activity due to their inaccessibility
to the target sites that in turn impose a major hurdle
because of unforeseeable secondary and tertiary RNA
structures. The rate-limiting step for the cleavage of
phosphodiester bonds in vivo is the association and
annealing of the ribozyme with its target site (Kato
et al,, 2001; Warashina et al., 2001; Kawasaki et al.,
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2002). In a long RNA molecule, with its secondary and
tertiary folded structure, a significant number of target
sites are inaccessible to the ribozyme. This phenomenon
is often a serious problem in attempts to exploit
ribozyme activity, in particular in vivo. To overcome
the problems of accessibility, computer-generated pre-
dictions of secondary structure can be typically used to
identify target sites that are most likely to be in an open
and accessible conformation. However, such predic-
tions are not always accurate because of unpredictable
interactions between RNAs and proteins that influence
the intracellular structures of RNAs.

A significant recent modification of ribozymes that
overcomes their target inaccessibility has been demon-
strated. In this modification, a helicase-binding motif
that recruits helicase protein and its unwinding activity
in vivo was linked to the 3’ end of the ribozyme sequence
in the RNA polymerase IIT promoter (tRNA Y2)-driven
expression plasmid (Warashina et al., 2001; Kawasaki
and Taira, 2002a; Fig. 1). Such RNA helicase-coupled
ribozymes were indeed shown to have substrate-
unwinding as well as strong cleavage activity in in vitro
and in vivo assays (Warashina et al., 2001; Kawasaki
and Taira, 2002a; Kawasaki et al.,, 2002) and were
effective where conventional ribozymes did not cause
any change in gene expression (Wadhwa et al., 2003).
Subsequent to this significant modification of ribo-
zymes, it became possible to prepare effective libraries
of hybrid ribozymes with randomized binding arms and
to examine their effects after being introduced into cells
(Kawasaki and Taira, 2002b; Kawasaki et al., 2002;
Suyama et al., 2003a, 2003b). This led us to develop a
novel approach for cloning functional genes. Briefly,
libraries of hybrid ribozymes in which the target arm
sequence was randomized were generated. These
were introduced into cells by either plasmid or retroviral
vectors and were combined with the selection of
a loss or gain of a cellular phenotype. Isolation of
ribozymes from selected cells, sequence analysis, and
identification of genes in databases could lead to
the identification of genes involved in these phenotypes
(Fig. 2). The application of the ribozyme-based
gene discovery system to apoptosis, metastasis, Alzhei-
mer’s disease, and muscle differentiation led to the
isolation of several genes that are implicated in these
phenotypes, confirming the validity and usefulness of
this technology (Kruger et al., 2000; Li et al., 2000;
Welch et al., 2000; Beger et al., 2001; Kawasaki and
Taira, 2002a, 2002b; Kawasaki et al., 2002; Nelson et al.,
2003; Suyama et al., 2003a, 2003b; Onuki et al., 2004;
R.W. et al., unpublished data). Besides, many novel
genes have been isolated, supporting it as an effective
tool to isolate new genes and elucidate novel functional
pathways. This system has also led to the isolation
of small RNAs involved in regulation of neuronal
differentiation (T. Kuwabara et al., personal commu-
nication).
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Fig.1 Schematic representation of cleavage of a normally inacces-
sible target site by a sliding hybrid ribozyme. The ribozyme is
linked to an RNA helicase-binding motif (RBM or connector
RNA) that is capable of recruiting a helicase(s) to the target site
where it unwinds the substrate structure to expose the cleavage site.
The helicase might even be able to slide the ribozyme along the
transcript. The coupling of helicase activity to the ribozyme allows
suppression of the expression of genes whose transcripts were found
previously resistant to cleavage by the conventional ribozyme.

Another significant modification of ribozymes was
the construction of allosterically controllable ribozymes
that bind to two different target sites (Kuwabara et al.,,
1999). Such ribozymes were effectively used for
suppression of genetic disorders that arise from gene
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Fig.2 Schematic presentation of a gene discovery system that can
identify functional genes in the Fas-mediated pathway to apoptosis.
Randomized RBM-connected ribozyme libraries were introduced
into HeLa-Fas cells using the retrovirus expression system. After
infection with the randomized RBM-Rz library expressing retro-
virus, HeLa-Fas cells that expressed the randomized library were
treated with Fas-specific antibody (a-Fas). Surviving clones were
picked up and genomic DNA was purified from each clone,
Sequences of RBM-connected ribozyme were determined by direct
sequencing and the target genes of ribozymes were identified in
databases by a BLAST search.
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rearrangements. For example, chronic myelogenous
leukemia is a hematopoietic malignant disease asso-
ciated with the expression of a chimeric BCR-ABL gene.
A ribozyme that can disrupt chimeric BCR-ABL
mRNA exclusively and is neutral to normal ABL
mRNA was designed and shown to specifically cleave
BCR-ABL mRNA (Kuwabara et al., 1998; Tanabe
et al., 2000).

The world of small RNA extended to siRNA and
miRNA

In the post-genome era, when curiosity in the field of
biology centered on “how gene expression and function
are regulated,” an amazing discovery in biological
regulation flashed in science news and made its way to
the top scientific journals. The articles, “brave new
world of RNA,” “a small fortune,” “tiny regulators
with great potential,” “small RNAs: the genome’s
guiding hand,” ‘“something new under the sun,”
“breakthrough of the year,” ‘“small RNAs make big
splash,” and “big things from little RNA” talked about
regulation of gene expression by small RNAs (Ambros,
2001; Couzin, 2002; Moss and Poethig, 2002; Pasqui-
nelli, 2002; Moberg and Hariharan, 2003). These tiny
regulators come from the large proportion of non-
coding genome referred to as junk DNA and regulate
the fate of cells, not by coding for any proteins with
functional motifs, but by causing gene silencing by a
highly coordinated and sequence-specific mechanism
known as RNA interference (RNAi) and/or micro-
RNA-mediated regulation. Small RNAs, including
microRNAs (miRNAs) and short interfering RNAs
(siRNAs), have emerged as the key components of an
evolutionarily conserved system of RNA-based gene
regulation in eukaryotes. They are involved in mole-
cular interactions, including defense against viruses and
regulation of gene expression during development
(Cullen, 2002; Carrington and Ambros, 2003). How
these 21- to 23-nucleotide (nt) small non-coding RNAs
can act as small interfering RNAs (siRNAs) or
miRNAs is just beginning to be understood. The two
kinds of small RNAs, that is, siRNAs and miRNAs, are
produced by the cleavage of double-stranded RNA
precursors by Dicer, a member of the RNase 11T family
of dsRNA-specific endonucleases (Bernstein et al., 2001;
Provost et al., 2002; Zhang et al., 2002). siRNAs are 21-nt
double-stranded RNAs that contain 19 base pairs, with
2-nt, 3’ overhanging ends, that act as functional
intermediates in RNAI. These are formed in cells when
transposons, viruses, or endogenous genes express long
dsRNA or when dsRNA is introduced experimentally.
In contrast, single-stranded miRNAs are the products
of endogenous, non-coding genes whose precursor
RNA transcripts can form small stem loops from which

mature miRNAs are produced by Dicer (Ambros et al.,
2003; Lim et al., 2003a, 2003b). miRNAs are encoded in
genes distinct from the mRNAs whose expression they
control. In contrast to siRNA, which can direct RNA
destruction mediated by RISC (RNA-induced silencing
complex; functions as an siRNA-directed endonu-
clease), miRNAs suppress protein expression by inhibi-
tion of mRNA translation (Fig. 3). Because both
siRNAs and miRNAs are found in similar, if not
identical, complexes, it is suggested that RISC might be
a bi-functional complex that mediates both cleavage
and translational control (Mourelatos et al., 2002).
Furthermore, recent evidence suggests that siRNAs and
miRNAs are functionally interchangeable, in which the
target mRNA can be either cleaved or translationally
repressed as determined by the degree of complemen-
tarity between the small RNA and its target (Hutvagner
and Zamore, 2002; Doench et al., 2003; Zeng et al., 2003).

MicroRNAs (miR genes) are a large family of highly
conserved non-coding genes transcribed as short hair-
pin precursors (~70 nt) that are processed into active
21- to 22-nt RNAs by a ribonuclease, Dicer, which
recognizes target mRNAs via base-pairing interactions.
The miRNA-miRNP (ribonucleoprotein) complex re-
presses mRINA translation by partial base pairing to the
3’ UTR of target mRNAs. Small RNA of 18-25 bases
called microRNA (miRNA) was reported for the first
time by the group of Victor Ambros (Dartmouth
College) in 1993. They found that miRNA that interacts
with the 3’ UTR of lin-4 mRNA regulates nematode
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Fig.3 Diagram to show siRNA and miRNA action. siRNAs are
produced from long dsRNAs by ribonuclease Dicer. Then siRNAs
are incorporated in RISC and the RISC cleaves the target RNAs.
MicroRNAs are expressed as short hairpin RNAs (pre-miRNAs)
and are transported to the cytoplasm. Pre-miRNAs are processed
to mature miRNAs by Dicer. The miRNAs are incorporated in
miRNPs and then miRNPs inhibit translation of target mRNAs by
forming partial duplexes with target mRNAs. In addition, miRNA
can function as siRNAs in the case of complete matching with
target mRNAs.
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development. Similarly, miRNA to let-7 mRNA was
identified. Both /in-4 and let-7 act as repressors of their
respective target genes, such as lin-14, lin-28, and lin-41.
Both lin-4 and let-7 small temporal RNAs were shown
to play a central role in controlling the timing of
Caenorhabditis elegans cell fate decisions. let-7 has been
conserved through evolution, and its expression corre-
lates with adult development in animals, including
Drosophila (Bashirullah et al., 2003). A best match for
lin-4 in Drosophila, miR-125, is also expressed during
pupal and adult stages of Drosophila development
(Sempere et al., 2003). To date, over 300 miRNAs
from diverse eukaryotic organisms have been identified.
Annotation of new miRNAs, so that miRNAs can be
reliably distinguished from siRNAs, has been proposed
along with the establishment of the Rfam database of
RNA families (Ambros, 2001, 2003; Ambros et al.,
2003; Grad et al., 2003). How these tiny RNAs work is
only beginning to be understood; the major hurdle is to
identify their target mRNAs. The fact that makes it
even more arduous is that miRNA require only a partial
homology (in some cases, about 70%). Some of the
Drosophila miRNAs that align to the K box motif were
shown to mediate a negative post-transcriptional
regulation of the Hairy HES gene family in Drosophila
(Lai and Posakony, 1997; Lai et al., 1998; Lai, 2002).
The human miR-23 containing the antisense sequence
to the K box motif was also identified, of which the
target gene is not known.

We initiated a study to investigate whether human
Hairy HES gene is the target of human miR-23
(Kawasaki and Taira, 2003). HES! is a basic helix-
loop-helix (bHLH) transcriptional repressor that is
expressed in undifferentiated cells but not in differen-
tiated cells (Kageyama et al., 2000). It participates in the
Notch signaling pathway in mammals and acts as an
anti-differentiation factor. miR-23 aligns to a coding
region of human HES! mRNA near the termination
codon and to mouse Hes/ mRNA (nearly the same
position as human HES! including the stop codon; Fig.
4a). A duplex of HES! and miR-23 was also observed
using a prediction program of mRNA secondary
structure (Mulfold), suggesting that miR-23 may be
conserved phylogenetically as a regulator of human and
mouse Hesl.

We used NT2 cells as a model for neuronal
differentiation. When subjected to retinoic acid (RA)-
induced differentiation, NT2 cells showed suppression
of Hes! expression that was independent of the level of
mRNA, as detected by Northern analysis. miR-23, on
the other hand, was easily detected in differentiated
NT?2 cells in contrast to undifferentiated cells. Introduc-
tion of the synthetic wild-type miR-23, but not the
mutant miR-23, into undifferentiated NT2 cells resulted
in the reduction of Hesl protein. Of note, the level of
HES! mRNA did not change in response to the
synthetic miR-23, suggesting that synthetic miR-23
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Fig.4 HESI is a target of miR-23. (a) The prediction of secondary
structures between miR-23 and its target RNAs. The region nearly
complementary to human and mouse miR-23 (blue) is located in
the coding region, near the termination codon (red) of human
Hairy HESI (NM_005524), mouse Hesl, and human homolog
HES! (Y07572) mRNAs (top). (b) Human Hairy HES]
(NM_005524) mRNA has three target regions (motifs I, II, and
111) of miR-23 (bottom). Motif IIT has a K box sequence (black
box) that is known, at least in the case of Drosophila, to be involved
in post-transcriptional negative regulation.

causes gene silencing at the translational level. As
expected, targeting of endogenous miR-23 by synthetic
siRNA (siRNA-miR-23) indeed resulted in an elevation
of HESI protein, but the mutant siRNA-miR-23 had no
effect. These data strongly support that HESI is a target
for miR-23. NT2 cells did not undergo RA-induced
neuronal differentiation (as confirmed by cell morphol-
ogy and differentiation markers such as MAP2) in the
presence of siRNA-miR-23, suggesting that miR-23
plays a critical role during RA-induced neuronal
differentiation of NT2 cells. The functional regulation
of HES! by an miRNA mechanism was further
confirmed by using two more miRNA motifs (Fig. 4b)
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Fig.5 The model of the function of miR-23 in RA-induced
differentiation. When cells were treated with RA, pre-miR-23 is
expressed. Then the pre-miR-23 is processed to mature miR-23 by
ribonuclease Dicer. The mature miR-23 negatively regulates
expression of Hairy HES! gene strongly and homolog HEST gene
weakly. Then these events promote neuronal differentiation of NT2

and their various combinations along with the original
miR-23 (Figs. 4b,5), which happened to match another
c¢DNA also called HES! (human homolog of Escher-
ichia coli and zebrafish; GenBank accession number
Y07572; Scott et al., 1997; Kawasaki and Taira, 2003;
unpublished data). We were informed of this ambiguity
by Debbie Marks (Columbia University), Hairy/en-
hancer of split protein, also called HESI gene
(accession number NM_005524; Feder et al.,, 1994),
which actually encodes the transcriptional repressor
HESI, was the subject of our study and is referred
to as Hairy HES! (Kawasaki and Taira, 2003). Of
note, in our study, the HESI protein was detected by
anti-HES1 antibody and the miR-23 was seen to sup-
press HES1 protein levels (Kawasaki and Taira, 2003).
Thus, although the database sequence homologies
raise doubts on the validity of the data demonstrating
hairy HESI1 as a target for miR-23, protein analysis
stands by it.

To further clarify this issue, we investigated the effect
of two additional independent miRNA target motifs
(Fig. 4b) that were found in the 3’ UTR of Hairy HES!
mRNA and did not match to homolog HES! (Fig. 5).
Analysis of the activity of the luciferase reporter that
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cells. Left lower panel: sequences of genes for Luc-TS23 and mutant
Luc-TS23 (Luc-mTS23). The activity of luciferase, due to the
reporter genes, in NT2 cells in the presence and absence of RA.
Right lower panel: the level of Hes] mRNA in undifferentiated
NT2 cells that had been treated with synthetic miR-23 or synthetic
mutant miR-23.

was linked to the 5’ end of the miR-23 target site or the
sequence of the other two unique potential target motifs
in Hairy HESI mRNA revealed that the three
independent target motifs (Fig. 4b) act as targets of
miR-23 in Hairy HES] mRNA; each of these sites have
only about 72-77% homology to the target. Thus,
although detoured by the long route of confirmation
and validation, the consequence of the study remains
unchanged in describing that HES1 is regulated by
miRNA such as miR-23.

A model for the function of miR-23 in regulation of
RA-induced neuronal differentiation of NT2 cells is
proposed (Fig. 5). When cells were treated with RA,
pre-miR-23 is expressed. The pre-miR-23 is then
processed to mature miR-23 by the ribonuclease Dicer.
The mature miR-23 negatively regulates expression of
Hairy HESI gene strongly and homolog HES/ gene
weakly. These events then promote neuronal differen-
tiation of NT2 cells. However, the mechanism of
expression of pre-miR-23 and inhibition of translation
of both HESI mRNAs by miR-23 remains to be
addressed in future studies.

In an independent study, we were compelled to recall
what we referred to as pseudo-positives in our screens to
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search for novel genes using a ribozyme-based discovery
system. Many of the target sequences were ignored and
forgotten because they did not belong to the coding
genome. Those of us who could not ignore the pseudo-
positives won this time. T. Kuwabara et al. (2004) used
a randomized ribozyme library to isolate genes involved
in neuronal development and isolated small RNAs that
determine the fate of cells. It is becoming clear that
nature has structured sequence information to embed in
it not only structural and functional aspects of proteins
but also non-coding regulatory elements such as siRNA
and miRNA. An era of an unexplored functional RNA
world has begun, and is predicted to go a long way in
providing information for the understanding of the
regulation of biological phenotypes.

Note added in proof: Kawasaki, H. and Taira, K. (2003) Hesl! is a
target of microRNA-23 during retinoic-acid-induced neuronal
differentiation of NT2 cells. Nature 423, 838-842. In this Article,
the mRNA that is identified to be a target of microRNA-23 (miR-
23) is from the gene termed human ‘homolog of ES1' (HES1),
accessionnumber Y07572, and not from the gene encoding the
transcriptional repressor Hairy enhancer of sphit HES1 (accession
number NM_00524) as stated in this paper. We incorrectly
identified the gene because of the confusing nomenclature. Our
experiments in NT2 cells had revealed that the protein levels of the
repressor Hesl were diminished by miR-23. Although we have
unpublished data that suggest that miR-23 also interacts with Hes]
repressor mRNA specially in NT2 cells, given the incorrect use of
the probe for the detection of the target mRNA resulting from our
error, we respectfully retracted this paper [Kawasaki, H. and Taira,
K. (2003). retraction: Hesl is a target of microRNA-23 during
retinoic-acid-induced neuronal differentiation of NT2 cells. Nature
426, 100].
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Evidence that siRNAs Function as Guides, Not Primers,
in the Drosophila and Human RNAi Pathways

Dianne S. Schwarz,? Gyérgy Hutvagner,?
Benjamin Haley, and Phillip D. Zamore'
Department of Biochemistry

and Molecular Pharmacology
University of Massachusetts Medical School
Lazare Research Building, Room 825
364 Plantation Street
Worcester, Massachusetts 01605

Summary

In Drosophila, two features of small interfering RNA
(siRNA) structure—5' phosphates and 3’ hydroxyls—
are reported to be essential for RNA interference
(RNAI). Here, we show that as in Drosophila, a 5’ phos-
phate is required for siRNA function in human Hela
cells. In contrast, we find no evidence in flies or hu-
mans for a role in RNAi for the siRNA 3’ hydroxyl group.
Our in vitro data suggest that in both flies and mam-
mals, each siRNA guides endonucleolytic cleavage of
the target RNA at a single site. We conclude that the
underlying mechanism of RNAi is conserved between
flies and mammails and that RNA-dependent RNA poly-
merases are not required for RNAi in these organisms.

Introduction

In diverse eukaryotes, double-stranded RNA (dsRNA)
triggers the destruction of mRNA sharing sequence with
the double strand (Hutvagner and Zamore, 2002b; Han-
non, 2002). In animals and basal eukaryotes, this pro-
cess is called RNA interference (RNAI) (Fire et al., 1998).
There is now wide agreement that RNAI is initiated by
the conversion of dsRNA into 21-23 nt fragments by the
multidomain RNase 1ll enzyme, Dicer (Billy et al., 2001;
Bernstein et al., 2001; Grishok et al., 2001; Ketting et
al., 2001; Knight and Bass, 2001; Martens et al., 2002).
These short RNAs are known as small interfering RNAs
(siRNAs), and they direct the degradation of target RNAs
complementary to the siRNA sequence (Zamore et al,,
2000; Elbashir et al., 2001c, 2001b, 2001a; Nykanen et
al., 2001; Elbashir et al., 2002). In addition to its role in
initiating RNAI, Dicer also cleaves ~70 nt precursor RNA
stem-loop structures into single-stranded 21-23 nt
RNAs known as microRNAs (miRNAs; Hutvagner et al.,
2001; Grishok et al., 2001; Ketting et al., 2001; Reinhart et
al., 2002). Like siRNAs, miRNAs bear 5’ monophosphate
and 3’ hydroxyl groups, the signatures of RNase IlI
cleavage products (Hutvagner et al., 2001; Elbashir et
al., 2001b). miRNAs are hypothesized to function in ani-
mals as translational repressors {L.ee et al., 1993; Wight-
man et al., 1993; Ha et al., 1996; Moss et al., 1997; Olsen
and Ambros, 1999; Reinhart et al., 2000; Zeng et al.,
2002; Seggerson et al., 2002). The conversion of dsRNA
into siRNAs requires additional protein cofactors that

Correspondence: phillip.zamore@umassmed.edu
*These authors contributed equally to this work.

may recruit the dsRNA to Dicer or stabilize the siRNA
products (Tabara et al., 1999; Hammond et al., 2001;
Grishok et al., 2001; Tabara et al., 2002). How siRNAs
direct target cleavage and whether a single mechanism
explains the function of siRNAs in posttranscriptional
gene silencing in plants, quelling in fungi, and RNAi in
animals remain unknown. Furthermore, how siRNAs are
permitted to enter the RNAi pathway while other 21-23 nt
RNAs seem to be excluded cannot yet be fully explained.

Three models have been proposed for RNAi in Dro-
sophila. Each model seeks to explain the mechanism
by which siRNAs direct target RNA destruction. In one
model (Figure 1), target destruction requires an RNA-
dependent RNA polymerase (RdRP) to convert the tar-
get mRNA into dsRNA (Lipardi et al., 2001). The RdRP
is hypothesized to use single-stranded siRNAs as prim-
ers for the target RNA-templated synthesis of comple-
mentary RNA (cRNA). The resulting cRNA/target RNA
hybrid is proposed to then be cleaved by Dicer, destroy-
ing the mRNA and generating new siRNAs in the pro-
cess. Key features of this model are that the ATP-depen-
dent, dsRNA-specific endonuclease Dicer acts twice in
the RNAI pathway, that target destruction should require
nucleotide triphosphates to support the production of
cRNA, and that a 3’ hydroxyl group is essential for siRNA
function, since siRNAs are proposed to serve as primers
for new RNA synthesis.

A second mode! proposes that single-stranded siRNAs
do not act as primers for an RdRP, butinstead assemble
along the length of the target RNA and are then ligated
together by an RNA ligase to generate cRNA (Lipardi et
al., 2001; Nishikura, 2001). The cRNA/target RNA hybrid
would then be destroyed by Dicer. This model predicts
that target recognition and destruction should require
ATP (or perhaps an NAD-derived high-energy cofactor)
to catalyze ligation, as well as to support Dicer cleavage.
Like the first model, the ligation hypothesis predicts that
an siRNA 3’ hydroxyl group should be required for RNAi.
Furthermore, a 5' phosphate should be required for
siRNA ligation, but ribonucleotide triphosphates other
than ATP should not be required for target destruction.

A third model (Figure 1) hypothesizes that two distinct
enzymes or enzyme complexes act in the RNAi pathway
(Hammond et al., 2000; Zamore et al., 2000; Nykénen et
al., 2001). As in the first model, Dicer is proposed to
generate siRNAs from dsRNA. These siRNAs are then
incorporated into a second enzyme complex, the RNA-
induced silencing complex (RISC), in an ATP-dependent
step or series of steps during which the siRNA duplex
is unwound into single strands. The resulting single-
stranded siRNA is proposed to guide the RISC to recog-
nize and cleave the target RNA in a step or series of
steps requiring no nucleotide cofactors whatsoever. The
absence of a nucleotide triphosphate requirement for
target recognition and cleavage is a key feature of this
model.

We have previously demonstrated by two different
experimental protocols that both recognition and endo-
nucleolytic cleavage of a target RNA proceeds efficiently
in the presence of less than 50 nM ATP, a concentration
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Figure 1. Two Models Proposed for the RNAi Pathway in Drosophila

Both models postulate that dsRNA is converted to siRNA by the ATP-dependent endoribonuclease Dicer, but the models differ as to the
subsequent function of siRNAs. In the “random degradative PCR” model (at left), siRNAs are postulated to function as primers for the target
RNA-templated synthesis of cRNA by an RdRP. The resulting dsRNA is then proposed to be cleaved by Dicer into a new crop of siRNAs,
which can prime the conversion of additional target RNAs into dsRNA. In the endonucleolytic cleavage model for RNAi (at right), siRNAs are
proposed to be incorporated into an endonuclease complex distinct from Dicer, the RISC. Assembly of the RISC is proposed to be ATP
dependent, whereas endonucleolytic cleavage of the target RNA is postulated to require no high-energy cofactors.

likely to be insufficient to support either the synthesis
of new RNA or the ligation of multiple siRNAs into cRNA
{Nykéanen et al., 2001). However, our data also revealed
an absolute requirement for a 5' phosphate for siRNAs
to direct target RNA cleavage in Drosophila embryo ly-
sates, a finding we interpreted as reflecting an authenti-
cation step in the assembly of the RNAi-enzyme com-
plex, the RISC. We envisioned that the 5’ phosphate
was involved in obligatory noncovalent interactions with
one or more protein components of the RNAi pathway.
Nonetheless, the 5' phosphate requirement might for-
mally reflect a requirement for the phosphate group in
covalent interactions, such as the ligation of multiple
siRNAs to generate cRNA (Nishikura, 2001).

Here, we more fully define the mechanism of RNAI in
flies and mammals by examining the requirement for a
5’ phosphate and a 3’ hydroxyl group on the antisense
strand of the siRNA duplex. First, we analyze the role
of these functional groups in siRNA function in vitro,
using both Drosophila and human cell-free systems that
recapitulate siRNA-directed target RNA destruction.
Then, we validate our findings in vivo in human Hela
cells. Our data support a model for the RNAi pathway
in which siRNAs function as guides for an endonuclease
complex that mediates target RNA destruction. We find
that the requirement for a 5’ phosphate is conserved
between Drosophila and human cells and that an siRNA
3’ hydroxyl is dispensable in both systems. Our data

argue against an obligatory role for an RdRP in Drosoph-
ila or human RNAI, despite the clear requirement for
such enzymes in PTGS in plants, quelling in Neurospora
crassa, and RNAI in C. elegans and Dictyostelium dis-
coideum (Cogoni and Macino, 1999; Smardon et al,,
2000; Dalmay et al., 2000; Mourrain et al., 2000; Sijen
et al., 2001; Martens et al., 2002). In this respect, the
mechanism of RNAI in flies and mammals appears to
be distinct from that of PTGS, quelling, and RNAI in
worms and Dictyostelium, suggesting that the pathway
in flies and mammals may be more restricted in the
range of triggers that can elicit an RNAI response.

Results and Discussion

Requirement for the siRNA 5’ Phosphate

in Human RNAi

Synthetic siRNAs bearing a 5’ hydroxyl can efficiently
mediate RNAI both in vitro in Drosophila embryo lysates
and in vivo in cultured human cells (Elbashir et al., 2001b,
2001a; Nykanen et al., 2001). However, in the Drosophila
in vitro system, an endogenous kinase rapidly converts
the 5’ hydroxy! group to a phosphate (Nykanen et al,,
2001). Blocking siRNA phosphorylation by substituting
the 5’ hydroxyl with amethoxy moiety completely blocks
RNAi in Drosophila embryo lysates (Nykénen et al,
2001). Furthermore, 5’ phosphorylated siRNAs more ef-
ficiently trigger RNAI in vivo in Drosophila embryos than
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do 5’ hydroxyl-containing siRNAs (Boutla et al., 2001).
5’ hydroxyl-containing, synthetic siRNAs that trigger
RNAi in cultured mammalian cells (Elbashir et al., 20014,
2002), in mice (McCaffrey et al., 2002; Lewis et al., 2002),
and perhaps even in plants (Klahre et al., 2002) may
likewise be phosphorylated by a cellular kinase prior to
entering the RNAi pathway.

To determine if a 5' phosphate is required for RNAi
in mammals, we first analyzed mammalian RNAi in vitro,
using HelLa cell 5100 extract. These reactions accurately
recapitulate the known features of siRNA-directed RNAI
in mammalian cell culture: exquisite sequence specific-
ity (Elbashir et al., 2001a) and target RNA cleavage (Ho-
len et al., 2002). RNAI reactions were performed in Hela
$100 extracts using siRNA duplexes in which the anti-
sense strand, which we refer to as the guide strand,
contained either a 5’ hydroxyl or a §' methoxy group
(Figure 2A) and a chimeric target RNA in which nucleo-
tides 62 to 81 were complementary to the siRNA (Figure
2B). When the guide strand of the siRNA duplex con-
tained a 5’ hydroxyl group, and could, therefore, be
phosphorylated, it directed cleavage of the target RNA
within the sequence complementary to the siRNA (Fig-
ure 3). Target cleavage directed by this siRNA occurred
at the same site in the HelLa S100 as in Drosophila
embryo lysate. These data suggest that endonucleolytic
cleavage of the target RNA is a common feature of RNAI
in flies and mammals. siRNAs with a 5’ methoxy group

cannot be phosphorylated by nucleic acid kinases and -

cannot direct RNAI in lysates of Drosophila embryos
(Nykanen et al., 2001). Such siRNAs were likewise unable
to direct cleavage of the target RNA in the HelLa S100
reaction (Figure 3A). Although the exogenous, methoxy-
blocked siRNA did not trigger sequence-specific target
cleavage, an endogenous Hela RISC complex that con-
tains the miRNA /et-7 (Hutvagner and Zamore, 2002a)
cleaved the chimeric target RNA within the let-7 comple-
mentary sequence near its 3' end (Figure 2B) in all of
the human in vitro RNAI reactions. This diagnostic 5’
cleavage product (indicated by an asterisk) serves as
an internal control for these and subsequent in vitro
Hela $100 reactions. Our data suggest that mammalian
RNA;, like RNAi in Drosophila (Nykanen et al., 2001;
Boutla et al., 2001), requires the siRNA 5’ phosphate for
target cleavage and suggest that 5’ hydroxyl-containing
siRNA duplexes must be phosphorylated by a cellular
kinase before they become competent to mediate RNAI
in human cells. Consistent with this idea, 5’ hydroxyl-
containing siRNAs are rapidly 5’ phosphorylated after
only 5 min incubation in the HeLa S100 (Figure 3B).
Thus, like Drosophila, human cells contain a nucleic acid
kinase that can add a 5’ phosphate to a synthetic siRNA,

Role of the siRNA 3’ Hydroxyl Group in Flies

and Mammals

Both siRNAs produced by enzymatic cleavage of dsRNA
and those prepared by chemical synthesis contain 3’
hydroxyl termini (Elbashir et al., 2001b). Experiments
using nuclease-treated siRNAs suggested that a 3’
phosphate blocks RNAi in Drosophila embryo lysates
(Lipardi et al., 2001}, a finding consistent with authenti-
cation of siRNA 3’ structure by the RNAi machinery, with
siRNAs acting as primers for cRNA synthesis, or with

RNA-templated ligation of multiple siRNAs into cRNA.
To determine if the siRNA 3’ hydroxyl group plays an
essential role in RNAi, we synthesized two siRNAs in
which the 3’ hydroxyl group of the guide strand was
blocked (Figure 2). In one siRNA, the 3' hydroxyl was
replaced by a 2',3' dideoxy terminus. In the other, the
3’ position contained 3-amino-propyl phosphoester (3’
“amino modifier”). Each of the blocked siRNA guide
strands was analyzed by electrospray mass spectrome-
try to confirm its identity and purity. The two modified
siRNA guide strands, as well as a 3' hydroxyl-containing
control strand, were annealed to a standard 21 nt siRNA
sense strand. The three resulting siRNA duplexes were
tested for their ability to direct cleavage of a comple-
mentary target RNA in an in vitro RNAi reaction con-
taining Drosophila embryo lysate. Figure 4A shows that
the two 3'-blocked siRNAs produced the same degree
of target cleavage as the 3’ hydroxyl-containing siRNA
control.

Next, we repeated the experiment in HeLa S100 ex-
tract to determine if an siRNA 3’ hydroxyl group is re-
quired for RNAi in mammalian cells. 3’ modification of
an siRNA has been reported to be permitted for RNAi
in mammalian cells (Holen et al., 2002), but it was not
shown in those experiments that all of the siRNA was
3’ modified. In contrast to the §" methoxy modification,
which completely blocked target RNA cleavage in the
Hela S100 reaction, 3’ modification had no effect on
the efficiency or specificity of RNAi (Figure 4B). The
identity and purity of these siRNAs was confirmed by
electrospray mass spectrometry. However, we could
envision that a fraction of the siRNA guide strand was
cleaved within the single-stranded, two nucleotide, 3'
overhang by a nuclease in the HelL.a S100, regenerating
the 3’ hydroxyl. If this occurred, the cleaved siRNAs
could then act as primers. To exclude this possibility, we
performed RNAI reactions using progressively shorter
guide siRNAs blocked at the 3' end by either a 2',3’
dideoxy or a 3' amino modifier group. The 20 or 19 nt
guide strands were annealed to the same 21 nt sense
siRNA strand. Figure 4B shows that target RNA cleavage
occurredin all cases, although the efficiency of cleavage
decreased as the siRNA guide strand was shortened,
even when it contained a 3’ hydroxyl terminus. If the 3’
blocked 21 nt siRNA was active because it had been
shortened to a 20-mer, it could not have attained the
activity of the 3' hydroxyl 21 nt siRNA. Similarly, if
nucleolytic removal of the 3’ biock accounted for the
activity of the 20 nt guide siRNA, it should have only
been as active as the 19 nt, 3’ hydroxyl-containing
siRNA. These results suggest that the 3' hydroxyl group
of the siRNA guide strand does not play an obligatory
role in siRNA-directed RNAI in flies or mammals.

Single-Stranded siRNAs

All current models for RNAi—including those that pro-
pose siRNA to function as guides for an endonuclease
and models that propose siRNAs to act as primers for
target-RNA templated RNA synthesis—predict that
siRNAs ultimately function as single strands. In fact, in
Drosophila embryos, single-stranded antisense siRNAs
corresponding to the Notch mRNA elicited Notch pheno-
types in 12% of injected embryos, although the expres-
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Figure 2. RNAs Used in This Study

{A) Photinus pyralis (firefly) luciferase (blue) and let-7 (red) siRNAs used in this study. The guide strand (antisense strand) is shown 5’'-to-3’
as the upper strand of each siRNA, Single-stranded siRNAs used in Figures 4, 5, and 6 correspond to the indicated guide strands. ddC,
dideoxy Cytosine; AM, amino modifier. siRNAs corresponding to firefly luciferase sequence are blue; those corresponding to let-7 sequence

are red.

(B) A schematic representation of the chimeric target RNA, indicating the relative positions of firefly luciferase sequences and sequences

complementary to the let-7 miRNA found naturally in Hel.a cells.

sivity was quite low (Boutla et al., 2001). Furthermore,
single-stranded RNAs of various lengths trigger RNAi in
C. elegans, but only when they contain a 3' hydroxyl
group, suggesting that single-stranded siRNA functions
:in that organism as a primer for an RARP (Tijsterman et
al., 2002). Consistent with single-stranded siRNAs act-
ing in nematodes as primers that direct the production
of new dsRNA, they fail to trigger RNAI in the absence
of Dicer (Dcr-1) (Tijsterman et al., 2002).

We examined if the guide siRNA strand alone could
trigger target cleavage in an in vitro RNAI reaction con-
taining either Drosophila embryo lysate or human Hel.a

cell $S100. We first examined if single-stranded siRNA
could direct target RNA cleavage in Drosophila embryo
lysates (Figure 5A). For this experiment, we used siRNA
with the sequence of the miRNA /et-7 (Figure 2A). Cleav-
age of the target RNA (Figure 2B) by a /et-7-containing
siRNA duplex produces a diagnostic 522 nt 5' product
(Hutvagner and Zamore, 2002a). When the synthetic
siRNA was used as a single strand, the target RNA was
not cleaved (Figure 5A). Similarly, a single-stranded
siRNA of the same sequence but bearing a 2' deoxy
thymidine (dT) instead of uracil as its first nucleotide,
was also a poor trigger of target cleavage. However,

000184



gigNA Function in Drosophila and Human RNAi

tme(h): 0 051 2 005 1 2

target RNA— s,
L 2 3
S <
5’ cleavage ~ L %’%
product )
timg(min): 0 2 5 15 30 60

5 OH siRNA— |
5' PO, SIANA—

JTTL

Figure 3. The siRNA 5’ Phosphate Group Is Required for siRNA-
Directed Target Cleavage in HeLa $100 Extracts

(A) RNAI in vitro in human Hela cell S100 extract. At left, a time
course of in vitro RNAi for a standard siRNA; at right, for an siRNA
duplex bearing a 5' methoxy guide strand. The asterisk indicates
the position of a §' cleavage product catalyzed by an endogenous,
human let-7-programmed RISC complex, which cleaves this target
RNA within a /et-7 complementary sequence located near the 3’ end
of the RNA (Hutvagner and Zamore, 2002a). This cleavage product
serves as an internal control.

(B) Phosphoryiation status of the guide strand of an siRNA duplex
upon incubation in HeLa $100. An siRNA duplex containing a guide
strand 3'-end-labeled with a-¥P cordycepin (3’ deoxyadenosine
triphosphate) was incubated in a standard HeLa $100 RNAi reaction,
then analyzed on a 15% sequencing gel. Phosphorylation acceler-
ates the gel mobility of the labeled siRNA strand, because it adds
two additional negative charges. The radiolabeled RNA is 3’ deoxy;
therefore, we infer that the added phosphate is on the 5' end.

both these siRNAs contain a 5’ hydroxyl, and a 5’ phos-
phate is required for siRNA duplexes to trigger target
RNA cleavage in Drosophila embryo lysates (Nykénen
et al., 2001). Therefore, we considered that the defect
with the single-stranded siRNAs might be that they
lacked a 5' phosphate and cannot obtain one because
they are not substrates for the Drosophila kinase. In
support of this hypothesis, when the single-stranded
siRNA starting with dT was prephosphorylated with
polynucleotide kinase, it directed target cleavage.

To confirm these findings, we examined the activity
of a second single-stranded siRNA, complementary to
the luciferase portion of the target RNA. When prephos-
phorylated, this single-stranded siRNA again directed
target cleavage in Drosophila embryo lysate, albeit less
efficiently than the same molar concentration of an

siRNA duplex (Figure 6§B). Cleavage occurred at pre-
cisely the same site in the target RNA for both single-
stranded and double-stranded siRNAs, suggesting that
the single-stranded siRNA entered the RNAi pathway,
rather than triggered RNA destruction by a different
route. The same single-stranded siRNA sequence bear-
ing a 5’ methoxy group did not direct target RNA cleav-
age (Figure 5B). Together, the experiments in Figure 5
demonstrate that single-stranded siRNAs—like the
guide strands of siRNA duplexes—do not function in
the RNAi pathway unless they bear a 5’ phosphate.

To determine if single-stranded siRNAs trigger target
destruction in Drosophila embryo lysates by acting as
primers, we modified the 3' end of the siRNA to 2',3’
dideoxy. As with double-stranded siRNAs, blocking the
3' end of the single-stranded siRNA had no effect on
the efficiency or specificity with which the target was
cleaved (Figure 5B). We note that the efficiency of target
cleavage by single-stranded siRNAs is significantly less
than that of siRNA duplexes. The lower efficiency might
simply reflect the remarkably short lifespan of single-
stranded siRNA in the Drosophila embryo lysate: the
vast majority is destroyed within the first 2 min of incuba-
tion (Figure 5C). One explanation for the requirement for
a 5' phosphate might be that, without it, the single-
stranded siRNA is destroyed even faster. This explana-
tion is unlikely, because the rate of single-stranded RNA
destruction is only 1.4-fold faster for 5’ hydroxy siRNAs
(Figure 5C). More likely is that the 5’ phosphate of the
single-stranded siRNA is required for its entry into the
RISC and that because a small fraction of §’ phosphory-
lated, single-stranded siRNA enters the RISC, it is pro-
tected from degradation, enhancing its stability in the
lysate.

Next, we examined if single-stranded siRNAs could
function to trigger RNAI in HeLa $100 extracts. Again,
single-stranded siRNAs directed target cleavage at the
same site as the corresponding siRNA duplex (Figure
6A). Prephosphorylation of single-stranded siRNA was
not required for it to function in target cleavage in HelLa
S$100, but blocking the 5' end with a methoxy group
completely eliminated RNAi (Figure 6B). These results
suggest that a 5’ phosphate is required for mammalian
RNAI, but that the nucleic acid kinase(s) responsible
for phosphorylating siRNAs in HelLa S100 acts on sin-
gle-stranded siRNA, unlike its Drosophila counterpart.
Blocking the 3’ end of the single-stranded siRNA had
no effect on the ability of the single-stranded siRNA to
cleave the target RNA in HeLa S100 (Figure 6A). Thus,
the structural requirements for single-stranded siRNA
function in target cleavage are conserved between flies
and mammals: a 5' phosphate is required, but a 3’ hy-
droxyl is not.

Together, these data support the view that siRNAs
do not direct target RNA destruction by priming the
synthesis of new RNA, nor are siRNAs ligated together
to generate cRNA. Both processes should require a 3’
hydroxyl group, which is dispensable for target cleavage
in either Drosophila or human cell extracts. Instead, our
data suggest that siRNAs act as guides to direct a pro-
tein endoribonuclease to cleave the target RNA. The
finding that single-stranded siRNAs can function as
guides in the RNAi pathway suggests that each individ-
ual RISC contains only one siRNA strand. Consistent

000185



e,
€

Molecular Cell
2

A

guide strand 3" end: OH

ddC

AM

time (min): {
target RNA— e

60 0 30 60 0 30 60

5° cleavage —
product
fly Hela
guide strand length: 21int 20 nt 18 nt

guidestrand3'end: OH (ffery OH ddC AM OH{U) ddC AM OH(C) OH AM

B &

5’ cleavage —
product

§° cleavage « g -
product - ;

Figure 4. The siRNA 3' Hydroxyl Is Dispensable for siRNA-Directed Target Cleavage in Drosophila and Human Cell Extracts
(A) 3'-blocked siRNAs trigger RNAi in Drosophila embryo lysates with the same efficiency as 3'-hydroxyl-containing siRNAs. ddC, 2,3’ dideoxy

C; AM, amino modifier.

(B) 3'-blocked siRNAs trigger RNAi in HeLa $100 extracts with the same efficiency as standard, 3'-hydroxyl-containing siRNAs. An overexposure
of the region of the gel containing the 5§’ cleavage product is shown in the lower panel. The asterisk marks the internal control 5' cleavage

product described in Figure 3.

with this view, in Hela cell S100 extracts, the single
stranded miRNA, /et-7, is in an endogenous RISC that
catalyzes multiple rounds of cleavage of a perfectly com-
plementary target RNA (Hutvagner and Zamore, 2002a).
Previously, it was proposed that the siRNA 5’ phos-
phate was recognized twice during the assembly of the
siRNA-containing endoribonuciease complex (Nykénen
et al., 2001) (Figure 1). That study placed one 5' phos-
phate recognition event before siRNA duplex unwinding
but could not distinguish whether the 5’ phosphate is

required subsequently at the unwinding step itself or
after unwinding is complete. The absence of target
cleavage by single-stranded siRNAs lacking a 5' phos-
phate suggests that the second phosphate recognition
step occurs after the siRNA duplex is unwound. In both
Drosophila embryo lysates and human Hela $100,
cleavage directed by single-stranded siRNA was less
efficient than RNAI triggered by siRNA duplexes. This
inefficiency correlated with the general instability of
short RNA in the in vitro extracts, as determined by
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Figure 5. Single-Stranded siRNA Guides Target Cleavage in Drosophila Embryo Lysates
(A) Single-stranded siRNAs with the sequence of the miRNA Jet-7 triggered target cleavage in Drosophila embryo lysate, but only if the 5’

end was prephosphorylated.

(B) Single-stranded siRNAs complementary to firefly luciferase sequence triggered target cleavage in Drosophila embryo lysate, even if the
3’ end was blocked (2',3'ddC). No target cleavage was observed using an siRNA with a 5' methoxy group.

(C) Rate of degradation of single-stranded siRNA in the Drosophifa embryo lysate. siRNA single strands were 3' end-labeled with o-3P
cordycepin and their stability measured with (filled circles) or without (open squares) a 5° phosphate. The curves represent the best-fit to a
single exponential, consistent with pseudo first-order kinetics for single-stranded siRNA decay. The difference in rates is 1.4-fold (with versus

without a 5 phosphate).
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Figure 6. A 5’ Phosphate but Not a 3' Hy-
droxyl Is Required for Single-Stranded Anti-
sense siRNAs to Trigger RNAi in Hel.a $100
Extract

(A) Single-stranded siRNA triggered target
cleavage in Hela S100, even if the 3’ end of
the siRNA was blocked (2',3' dideoxy).

(B) Blocking the 5 end of the siRNA with a
methoxy group eliminated the ability of the
single-stranded RNA to trigger RNAI. The as-
terisk marks the control 5’ cleavage product
described in Figure 3.
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Figure 7. A 5’ Phosphate but Not a 3’ Hy-
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measuring single-stranded siRNA half-life using 3’ ra-
diolabeled siRNAs (Figure 5C) and by Northern hybrid-
ization (data not shown).

siRNAs Need Not Function as Primers to Trigger RNAi
in HelLa Cells

To assess if our in vitro results accurately predict the
RNAi mechanism in vivo, cultured human cells were
used to assess the structural requirements for siRNA
function. Synthetic siRNAs were cotransfected into
Hela cells with plasmids expressing target (Photinus
pyralis, Pp) and control (Renilla reniformis, Rr) luciferase
mRNAs. Luciferase expression was measured, and tar-
get (firefly) luciferase levels were normalized to the Re-
nilla control. The results of these experiments are shown
in Figure 7.

First, the requirement for a 5’ phosphate observed in
Drosophila and Hela extracts was conserved in vivo
(Figure 7A). A 5' hydroxyl-containing siRNA duplex trig-
gered efficient gene silencing in vivo, reducing expres-
sion of the target luciferase >90%. In contrast, a &'
methoxy-modified siRNA reduced firefly luciferase lev-

1

10

els by only 2-fold. This small reduction may reflectinhibi-
tion of transiation, perhaps by an antisense mechanism.
Alternatively, some of the methoxy-blocked siRNA may
inefficiently enter the RNAI pathway in vivo. An siRNA
in which the guide strand contained a 5 amino modifier
group—=6-amino-hexyl phosphoester—was significantly
more effective in suppressing target mRNA expression
than the siRNA with the 5 methoxy group (Figure 7A).
This finding is consistent with the idea that a 5’ phos-
phate group is required for siRNA function, but that the
5' phosphate participates in noncovalent interactions
only, since the modified §' phosphate should be less
able to act as an electron acceptor. The in vivo studies
agree with the in vitro results: a 5’ phosphate is essential
for efficient siRNA function in flies and mammals. How-
ever, in flies only duplex siRNAs can be 5’ phosphory-
lated by cellular kinases, whereas in mammals, both
single-stranded and double-stranded siRNAs are phos-
phorylated.

Consistent with the view that the core function of
siRNA in human cells is as guides, not primers, blocking
the 3’ end of the siRNA guide strand had no effect on
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Figure 8. Single-Stranded siRNA Triggers Gene Silencing in Hela Cells
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(A) Single-stranded siRNA silencing as a function of siRNA concentration.
(B) Blocking the 5’ end of single-stranded siRNAs prevented their triggering target gene silencing. Gray bars indicate the average * standard
deviation for three trials. Un, siRNA unrelated in sequence to the target RNA; sp, specific siRNA corresponding to the target RNA; s, sense
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RNAi in vivo. siRNA duplexes in which the guide strand
contained a 3’ hydroxyl, a 2',3' dideoxy, or a 3’ amino
modifier were all equally effective in triggering RNAI in
vivo (Figure 7A). The silencing activity in vivo of a 21 nt,
3'-blocked siRNA guide strand was greater than that of
a 20 nt, 3’ hydroxy siRNA guide strand, indicating that
the 3' block was not removed in vivo, We believe that
these data exclude an obligatory role for the siRNA 3’
hydroxyl group in RNAi in mammalian cells and argue
that siRNAs do not normally trigger target destruction
in human cells by functioning as primers.

These experiments were conducted at siRNA concen-
trations where the siRNA is not limiting for RNA silenc-
ing. An siRNA functionin priming the synthesis of dssSRNA
might be used when siRNAs are limiting. We tested the
relative ability of siRNA duplexes in which the guide
strand either contained a 3’ hydroxyl or a 2',3' dideoxy
group at low siRNA concentrations (Figure 7B). We find
that the efficacy of the two types of siRNAs did differ
when siRNA was rate limiting for target mRNA silencing,
but never by more than 1.8-fold. The observed difference
in efficacy between the two types of siRNAs does not
seem sufficiently great to support the view that the 3’
hydroxy! group of the siRNA is used to prime the synthe-
sis of dsRNA from the target mRNA. If the siRNA were
used to prime dsRNA synthesis, the production of new
dsRNA by an RdRP using the siRNA as a primer should
have amplified the silencing activity of the 3’ hydroxy
but not the 2',3' dideoxy siRNA at limiting concentra-
tions. For example, if the 3’ hydroxy guide strand had
primed synthesis of one molecule of dsRNA (~130 bp
long based on the site of siRNA/target complementarity)
for each target mRNA molecule, and this new dsRNA
was then Diced into just two of the possible six new
siRNAs, at least a 2-fold difference between the two

siRNAs should have been observed. This analysis fails
to take into account the new crop of siRNAs acting
in a subsequent cycle of priming, which would further
amplify the difference between 3’ deoxy and 3' hydroxy
siRNA at limiting concentrations. The simplest interpre-
tation of our finding that 3’ hydroxy siRNAs trigger no
significant amplification of RNA silencing relative to 3’
blocked siRNAs is that an siRNA-primed, RARP-depen-
dent cycle of siRNA amplification plays no productive
role in RNAI in cultured Hela cells, even at low siRNA
concentrations. The small difference in efficacy between
3’ OH and 2,3’ dideoxy siRNAs likely indicates that the
blocked siRNAs have a subtle defect such as a lower
affinity for components of the RNAi machinery, slightly
reduced intraceliular half-life, or a minor reduction in
phosphorylation rate. This defect may result from the
2' deoxy modification of the terminal nucleotide, rather
than the 3’ block, since siRNAs with 2' deoxythymidine
tails have been reported to be less efficient than those
containing uracil in Hela cells (Hohjoh, 2002).

Our in vitro studies suggest that single-stranded
siRNAs can enter the RNAi pathway, albeit inefficiently.
To test if single-stranded siRNAs could trigger mRNA
silencing in vivo, we substituted various concentrations
of single-stranded, sense or antisense siRNA for siRNA
duplexes in our Hela cell cotransfections (Figure 8A).
As the concentration of antisense single strand was
increased, the expression of the firefly luciferase de-
creased relative to the Renilla internal control. Note that
single-stranded siRNAs are less efficient than siRNA
duplexes: it takes nearly eight times more single-
stranded siRNA to approach the potency of the corre-
sponding duplex. This inefficiency may simply reflect
rapid degradation of the majority of the transfected sin-
gle-stranded siRNA before it can enter the RISC com-

000189



Molecular Celt
546

plex. Cells may possess a mechanism that stabilizes
siRNA duplexes and shuttles them to the RISC as single
strands without exposing them to degradatory enzymes.
Thus, if endogenous siRNAs are double-stranded in
vivo, they may be double-stranded so as to facilitate
their entry into the RNAi pathway and to exclude them
from a competing pathway that degrades small, single-
stranded RNA. Alternatively, single-stranded siRNAs
may bypass a key step in RISC assembly, making them
less efficient than duplexes in triggering RNAI. The dra-
matic instability of single-stranded siRNAs in vitro may
simply reflect their inefficiency in assembling into a
RISC, which could protect them from degradation.
Gene silencing by single-stranded siRNA was se-
quence specific, and single-stranded sense siRNA did
not alter the expression of the target RNA (Figure 8B).
Thus, it is unlikely that siRNAs themselves are copied
by an RdRP in mammalian cells, since copying the sense
siRNA should generate the antisense siRNA strand.
However, copying sense siRNA into a duplex would not
generate the characteristic 3' overhanging ends of
siRNAs. Such 3’ overhangs might be required for siRNA
unwinding and/or efficient RISC assembly. Prephos-
phorylation of single-stranded siRNA did not enhance
its potency in HelLa cells, consistent with our observa-
tions in HeLa S100 extracts, but blocking phosphor-
ylation with a §' methoxy group abolished silencing,
pointing to the importance of 5' phosphorylation for
single-stranded siRNA function in vivo (Figure 8B). Our
findings are not entirely unexpected, since endogenous,
single-stranded miRNAs enter the RNAi pathway in HelLa
cells (Hutvagner and Zamore, 2002a). Superficially, the
finding that single-stranded siRNAs can elicit RNA si-
lencing blurs the distinction between RNAi and anti-
sense effects. We have presented here evidence that
single-stranded siRNAs trigger the same pathway as
siRNA duplexes: both guide endonucleolytic cleavage
of target RNAs at the same site, and both require 5’
phosphates but not 3’ hydroxyl groups to function.
Our in vitro experiments with Drosophila embryo ly-
sates and Hela S100 extracts and our in vivo experi-
ments in Hela cells argue against siRNAs functioning
as primers in the RNAi pathway. These findings are con-
sistent with the absence of any genes encoding canoni-
cal RdRPs in the currently available release of either
the Drosophila or human genome, A halimark of the
involvement of RARPs in posttranscriptional silencing
is the spread of silencing beyond the confines of an
initial trigger dsRNA or siRNA into regions of the target
RNA 5’ to the silencing trigger. In C. elegans, this spread-
ing (“transitive RNAI") is manifest in the production of
new siRNAs corresponding to target sequences not
contained in the exogenous trigger dsRNA (Sijen et al.,
2001). Furthermore, small RNAs as long as 40 nt can
initiate silencing in worms, but only if they contain 3’
hydroxyls, suggesting that they act as primers for the
synthesis of cRNA (Tijsterman et al., 2002). In contrast,
5’ spreading is not detected in Drosophila, either in vitro
(Zamore et al., 2000), in cultured Drosophila S2 cells
(Celotto and Graveley, 2002), or in vivo in flies (J.-Y.
Roignant and C. Antoniewski, personal communication).
Our data support the view that, in both flies and mammals,
siRNAs trigger target RNA destruction not by acting as
primers but rather by guiding a protein endoribonuclease

to a site on the target RNA that is complementary to
one strand of the siRNA. The observation that the target
cleavage site is across from the center of the comple-
mentary siRNA (Elbashir et al., 2001c, 2001b) is consis-
tent with an enzyme other than Dicer acting in target
RNA destruction and not with models that propose that
Dicer destroys target RNAs. Furthermore, mammalian ex-
tracts depleted of Dicer still catalyze siRNA-directed
target cleavage (Martinez et al., 2002).

Will it be possible to design siRNAs to degrade just
one of several mMRNA isoforms that differ at only a single
nucleotide? If siRNAs do not act as RARP primers in
flies and mammals, then there is no fear that the silenc-
ing signal will spread 5’ to aregion of sequence common
to the entire family of mRNAs. Despite earlier concerns
that such siRNAs would not be possible (Nishikura,
2001), our data suggest that isoform- and polymor-
phism-specific siRNAs will be used in mammals in the
future to dissect the function of individual gene isoforms
and perhaps even to treat inherited autosomal dominant
human diseases.

Experimental Procedures

General Methods

Drosophila embryo lysate preparation, in vitro RNAi reactions, and
cap-labeling of target RNAs using Guanylyl transferase were carried
out as previously described (Zamore et al.,, 2000). Human S100
extracts were prepared as described (Dignam et al., 1983). Hela
S$100 was substituted for Drosophila embryo lysate in an otherwise
standard RNAI reaction, except that incubation was at 37° instead
of 25°C. Cleavage products of RNAi reactions were analyzed by
electrophoresis on 8% denaturing acrylamide gels. 3’ end labeling
with a-2P cordycepin and determination of 5’ phosphorylation sta-
tus were according to Nykanen et al. (2001). Gels were dried and
exposed to image plates (Fuji), which were scanned with a Fuji FLA-
5000 phosphorimager. Images were analyzed using Image Reader
FLA-5000 version 1.0 (Fuji) and Image Gauge version 3.45 (Fuji).

siRNA Preparation

Synthetic RNAs (Dharmacon) were deprotected according to the
manufacturer's protocol and processed as previously described
(Nykénen et al., 2001). siRNA strands were annealed (Elbashir et al.,
2001a) and used at 100 nM final concentration unless otherwise
noted. siRNA single strands were phosphorylated with polynucleo-
tide kinase (New England Biolabs) and 1 mM ATP according to the
manufacturer's directions.

Tissue Culture -

siRNA transfections were as described (Elbashir et al., 2001a). in
brief, cultured Hela cells were propagated in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (Life Technologies). Cells were
trypsinized and seeded at 1 X 10° cells/ml in 24-well plates (5 X
10* cells/well) in DMEM supplemented with 10% FBS. Twenty-four
hours after seeding, 1 1g pGL2 control firefly luciferase (Pp-luc GL2;
Promega) and 0.1 g pRL-TK Renilla luciferase (Rr-luc; Promega)
plasmids and the luciferase siRNA (25 nM) were cotransfected with
LipofectAMINE 2000 reagent (Invitrogen) in DMEM (Life Technolo-
gies) lacking serum and antibiotics according to manufacturer's
instructions. Media was replaced 4 hr after transfection with DMEM
containing 10% fetal bovine serum (Life Technologies); 1 day after
transfection, the cells were lysed in 1x Passive Lysis Buffer (Pro-
mega) according to the manufacturer’s instructions. Luciferase ex-
pression was determined by the Dual luciferase assay kit (Promega)
using a Mediators PhL luminometer. Data analysis was performed
using Excel (Microsoft) and IgorPro 5.0 (Wavemetrics). Experiments
were performed in triplicate, and error was propagated through all
calculations.
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RNAi as Random Degradative PCR: siRNA Primers
Convert mRNA into dsRNAs that Are Degraded

to Generate New siRNAs
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Summary

In posttranscriptional gene silencing (PTGS), “quell-
ing,” and RNA interference (RNAIi), 21-25 nucleotide
RNA fragments are produced from the initiating
dsRNA. These short interfering RNAs (siRNAs) medi-
ate RNAi by an unknown mechanism. Here, we show
that GFP and Pp-Luc siRNAs, isolated from a protein
complex in Drosophila embryo extract, target mRNA
degradation in vitro. Most importantly, these siRNAs,
as well as a synthetic 21-nucleotide duplex GFP siRNA,
serve as primers to transform the target mRNA into
dsRNA. The nascent dsRNA is degraded to eliminate
the incorporated target mRNA while generating new
siRNAs in a cycle of dsRNA synthesis and degradation.
Evidence is presented that mRNA-dependent siRNA
incorporation to form dsRNA is carried out by an RNA-
dependent RNA polymerase activity (RARP).

Introduction

Fire and associates first reported on RNA interference
(RNAI) when they demonstrated potent and specific ge-
netic interference upon the injection of dsRNA into C.
elegans (Fire et al., 1998). However, the underlying phe-
nomenon, known as posttranscriptional gene silencing
(PTGS), was initially described in studies on transgenic
plants (Napoli et al., 1990). PTGS was observed when
the introduction of all or a portion of a transgene occa-
sionally resulted in the loss of expression from the corre-
sponding endogenous gene with no disruption in gene
transcription. Mature mRNA transcripts simply did not
accumulate in the cytoplasm of the affected plants
(Kooter et al., 1999; Plasterk and Ketting, 2000). The
viral stocks used to make the transgene constructs were
also known to generate dsRNA during the replication
cycle and the phenomenon of PTGS was linked to repli-
cation-competent virus (Baulcombe, 1999a; Burton et
al., 2000; Ruiz et al., 1998). Similar findings were also
described in Neurospora where the phenomenon was
termed “quelling” (Cogoni et al., 1996).

A remarkable aspect of this process is that the local
induction of gene silencing can spread throughout the
organism and is often heritable to the next generation.
This is particularly true in plants (Palauqui and Vauch-
eret, 1998; Sonoda and Nishiguchi, 2000; Voinnet et al.,
1998) but it has also been demonstrated in C. elegans
(Grishok et al., 2000). Furthermore, only a few molecules
of dsRNA per cell or embryo completely silence the
corresponding gene, a result that led to the speculation

'Correspondence: patersocb@mail.nih.gov

the process might be catalytic in nature (Fire et al., 1998;
Kennerdell and Carthew, 1998). Genetic studies in Neu-
rospora, Arabidopsis, and C. elegans identified several
genes involved in quelling, PTGS, and RNAI, and include
members of the helicase family (Cogoni and Macino,
1999b; Dalmay et al., 2001), RNase lll-related nucleases
(Ketting et al., 1999), members of the Argonaute family
(Catalanotto et al., 2000; Fagard et al., 2000; Hammond
et al.,, 2001a; Tabara et al., 1999), and RNA-dependent
RNA polymerases (RdRP) (Cogoni and Macino, 1999a;
Dalmay et al., 2000; Mourrain et al., 2000; Smardon et
al., 2000).

Molecular studies in plants (Hamilton and Baulcombe,
1999), C. elegans (Parrish et al., 2000), and Drosophila
(Zamore et al., 2000) have also shown that a common
feature shared among these various targeted RNA deg-
radation processes is the production of short 21-25 nu-
cleotide RNA fragments of both sense and antisense
orientation derived from the input dsRNA. Recent stud-
ies using Schneider cell extracts prepared from dsRNA
treated cells have identified Dicer, an ATP-dependent
ribonuclease related to the RNase 1l family of nucleases
that specifically cleaves double stranded RNA into 21-25
nucleotide pieces (Bernstein et al., 2001). The resulting
small dsRNA fragments have been proposed to act as
“guide RNAs” that target an associated nuclease com-
plex, called RISC (RNA-induced silencing complex),
{Hammond et al., 2000) to the corresponding mRNA
through strand complementarity (Bass, 2000). However,
this has not been demonstrated experimentally and the
exact mechanism of action involving the 21-25 nucleo-
tide RNAs remains to be elucidated.

With the recent development of Drosophila embryo
(Tuschl et al.,, 1999) and Schneider cell extracts (Ham-
mond et al., 2000) capable of carrying out the dsRNA-
dependent targeted degradation of mRNA in vitro, we
sought to further clarify the role of the 21-25 nucleotide
RNAs in mRNA silencing. Tuschl and coworkers have
shown that synthetic short dsRNAs, called siRNAs for
short interfering RNAs, can mediate RNAI in Drosophila
extracts by directing a cleavage event in the target RNA
(Elbashir et al., 2001b). Here, we show that the siRNAs
produced upon the addition of GFP and Pp-Luc dsRNA
to Drosophila embryo extract can be enriched in a micro-
coccal nuclease-resistant fraction. Once these short
RNAs are treated with calf-intestinal phosphatase, they
mediate efficient RNAI in vitro. These siRNAs, as well
as a synthetic 21-nucleotide GFP duplex siRNA, are
shown to act as mRNA-specific primers that are incorpo-
rated during the subsequent conversion of the target
mRNA into dsRNA. Nascent dsRNA is then cleaved by
RNase lll-related enzymes to degrade the mRNA while
generating new siRNAs in the process. RdRP activity is
shown to mediate the incorporation of a synthetic siRNA
into nascent dsRNA. We propose that repeated cycles
of dsRNA synthesis and concomitant siRNA/primer pro-
duction result in targeted mRNA degradation, and that
this process can account for the underlying mechanism
responsible for PTGS, quelling, and RNAI.
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Results

‘Production of siRNAs Can Occur in the Absence
of RNAi
Drosophila embryo extracts proficient in RNAi were pre-
pared (Tuschi et al., 1999) to study the dsRNA-depen-
dent degradation of mRNA, #P-labeled GFP mRNA (746
bp, capped and adenylated with 30 A residues) was
selected as the target with *P-labeled Photinus pyralis
luciferase (Pp-Luc) mRNA (1682 bp, capped and adenyi-
ated with 30 A residues) serving as the nontargeted
control. Full-length unlabeled GFP dsRNA (716 bp) was
used to activate targeted GFP mRNA degradation. Simi-
lar to the findings reported for dsRNA injected into C.
elegans (Fire et al., 1998), the rate of GFP mRNA degra-
dation in Drosophila embryo extracts was dependent
upon the concentration of GFP dsRNA added to the
reaction. Using the same conditions described pre-
~ viously (Tuschl et al., 1999) with 10-50 pM mRNAs and
varYing concentrations of dsRNA from 20 pM to 10 nM,
maximal degradation rates for GFP mRNA were ob-
ser\!éd with GFP dsRNA concentrations above 10 nM,
whereas no targeting was detected at or below 20 pM
GFPfdsRNA (Figures 1A and 1B). #P-labeled full-length
‘"GFP dsSRNA was also used to look at the concentration-
: ependent appearance of the siRNAs produced under

i |Iencmg and nonsilencing conditions, Although 20 pM
%GFP tdsRNA did not support detectable targeted GFP
EmRNA- degradatlon the time course of appearance for
",\the siRNAS: was the same for both 20 pM and 200 pM
*GFP dsRNA and reached a plateau value within 15 min
;;.of mcubatlon (Figure 1C). A similar time course for the

180 0 510 1§ —— 180

1 tion is proportional to the input concentration
of GFP dsRNA (716 bp). Degradation does
not occur below a threshold concentration of
20 pM dsRNA. Pp-Luc mRNA (1682 bp) is the
nontargeted control mMRNA. GFP and Pp-Luc
indicate the positions of the full-length target
and control RNAs, respectively.

(B) Data from (A) have been analyzed on the
Fuji Phosphoimager and normalized to Pp-
Luc mRNA over the concentration range of
GFP dsRNA indicated.

(C) GFP siRNAs reach maximal levels in the
processing reaction within 15 minin response
to dsRNA concentrations that do (200 pM)
or do not (20 pM) trigger RNAi. The specific
activity of 3P-UTP-labeled dsRNA added to
the processing extract was approximately
1 % 10° cpm/pg. MW: 25 bp DNA ladder with
the 25 nucleotide position indicated.

Time {(min)

appearance of siRNAs was also noted previously for
Drosophila embryos injected with #P-labeled dsRNA
\E ang "et al., 2000). The amount of GFP siRNAs produced
depended’ upon the input concentration of GFP dsRNA
and thus, in turn, was correlated with the level of RNAI
in the reactlon (Figure 1). Below a threshold concentra-
tlon for the siRNAs, targeted mRNA degradation did not
oceur.

S|RNAS Are Double Stranded and Protected

ina Mlcrococcal Nuclease-Resistant

Proteln Complex

Prevuous :studies have suggested that the processed
short RNAs are double stranded and contained in a
nbonucleoproteln complex (Elbashir et al., 2001b). We
used micrococcal nuclease (Pelham and Jackson, 1976)
to test. whether or not the small RNAs could be isolated
ina nuclease-resustant protein complex. In the first in-
stance, ‘extract was treated with micrococcal nuclease
and blocked with EGTA prior to the addition of any
RNAs. In agreement with previous observations (Ham-
mond et al., 2000) micrococcal nuclease-treated extract
was inact;})e in RNAI (Figure 2A, lane 2). This was not
due to a-nonspecific interaction between RNA and the
nuclease (Wang and Gegenheimer, 1990) since the si-
multaneous addition of micrococcal nuclease, EGTA,
and caIC|um to extracts was previously shown not to
inhibit o r affect. RNAi (Hammond et al., 2000). The pro-
duction of siRNAs was analyzed in the same reaction
at 30 and 60 min time points using 10 nM full-length 3%P-
labeled GFP dsRNA as a cleavage substrate. In micro-
coccal nuclease-treated extract, the rate of appearance
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as well as the plateau value for the small RNAs was
greatly reduced (Figure 2B, lane 2).

Extract incubated with unlabeled GFP dsRNA prior
to micrococcal nuclease treatment also was unable to
direct the degradation of GFP mRNA added subse-
quently to the reaction (Figure 2A, lane 3). However, an
examination of the GFP siRNAs produced under these
conditions revealed that the small RNAs remained resis-
tant to nuclease digestion and were produced in
amounts comparable to that seen in control reactions
(Figure 2B, compare lanes 1 and 3). Furthermore, with
the exception of the GFP siRNAs, most of the labeled
GFP dsRNA was degraded during nuclease treatment
(Figure 2B, lane 3).

When additional uniabeled GFP dsRNA was added to
the reaction shown in Figure 2A, lane 3, modest RNAi
was observed —about 30% of control values (Figure 2A,
lane 4). Similarly, uniabeled GFP dsRNA added to extract
preincubated with *P-labeled GFP dsRNA also resulted
in roughly a 30% decrease in the amount of ¥P-labeled
GFP siRNAs (Figure 2B, lane 4). Taken together, these
results indicate that the production of the siRNAs is a
dynamic process involving cleavage and displacement
by the dsRNA substrate.

The resistance of the siRNAs to micrococcal nuclease
digestion suggested the small RNAs were in a protein
complex. This was confirmed upon treatment of the
protected siRNAs with proteinase K, as described by
Tuschl (Tuschl et al., 1999), which now rendered the
siRNAs digestible by micrococcal nuclease (data not
shown, but similar to Figure 2C). The same short RNAs
were also resistant (Figure 2C) to digestion with Ribo-

C Figure 2. siRNAs Are Double Stranded and
GFP MnalRNAS Associate in a Dynamic Ribonucleprotein Com-
ds ds S8 plex Protected from Micrococcal Nuclease

Hase . v s Digestion
»*° (A) Treatment of Drosophila embryo extract

with micrococcal nuclease before or after the
addition of GFP dsRNA inhibits RNAi: Lane
1, the standard reaction; Lane 2, addition of
micrococcal nuclease prior to dsRNA; Lane
3, addition of dsRNA prior to micrococcal
i . nuclease; and Lane 4, addition of dsRNA to
b the reaction in Lane 3 restores modest levels
T of RNAi. Percent silencing shown as GFP/Pp-
Luc ratios is indicated below each lane.
(B) Addition of *P-UTP-labeled GFP dsRNA
(200 pM, >10° cpm/ug) to extract prior to
micrococcal nuclease treatment produces in-
active siRNAs. Lane 1, control; Lane 2, addi-
tion of micrococcal nuclease prior to dsRNA;
Lane 3, addition of dsRNA prior to micrococ-
cal nuclease; and Lane 4, addition of 10 nM
uniabeled GFP dsRNA to the reaction in Lane
3 chases the level of siRNAs. The initial input
of labeled dsRNA was the same in all lanes
shown, 2.5 X 10% cpm.
(C) The GFP siRNAs after micrococcal nu-
clease treatment, called Mn-siRNAs (Figure
2B, lane 3), are double stranded and resistant
to Ribonuclease One digestion. Lane 1, siR-
NAs with no nuclease; Lane 2, siRNAs with
RNase One; and Lane 3, denatured siRNAs
with RNase One.

nuclease One (RNase One), a single-strand-specific ri-
bonuclease that can cut gaps and single base-pair mis-
matches (Meador et al., 1990).

siRNAs Require a 3'-Hydroxyl Group to Direct

RNAi In Vitro

Using micrococcal nuclease and 500 ng of unlabeled
GFP dsRNA, we prepared an RNA fraction enriched for
the GFP-specific siRNAs for further testing in RNAi re-~
actions. Addition of this RNA fraction to a silencing
reaction did not trigger the degradation of GFP mRNA
(Figures 3A and 3B, control versus Mn-siRNAs). The
products of RNA digestion with micrococcal nuclease
are mononucleotides and oligonucleotides with terminal
3'-phosphate groups (Krupp and Gross, 1979). Tuschl
and coworkers have recently shown that the siRNAs
derived from dsRNA incubated in Drosophila extracts
have 5'-monophosphate and 3'-hydroxyl groups (El-
bashir et al., 2001b). We speculated that a phosphate
group on the 3’-hydroxy! position might inhibit the func-
tion of the GFP siRNAs in some aspect of the silencing
process. In order to check this, the enriched GFP Mn-
siRNAs were treated with calf-intestinal alkaline phos-
phatase (CIP) to remove any phosphate groups prior to
retesting for RNAi (Mossner et al., 1980). Phosphatase
treatment restored mRNA target degradation to a level
comparable to that observed with 500 ng of full-sized
GFP dsRNA (Figures 3A and 3B,control versus CIP-Mn-
siRNAs). The slight trimming of the siRNAs during
nuclease treatment did not impair their silencing activity
and they remained within the 21-25 nucleotide size
range, as noted in Figures 2B and 2C. This was a direct
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Figure 3. siRNAs Require a 3'-Hydroxyl Group to Function in RNAi

(A) GFP siRNAs produced from 500 ng of full-length GFP dsRNA
(716 bp) and treated with micrococcal nuclease trigger efficient RNAi
if they are treated with calf-intestinal alkaline phosphatase (CIP).
Control, 500 ng GFP dsRNA under standard reaction conditions;
Mn-siRNAs, siRNAs derived from 500 ng of GFP dsRNA treated with
micrococcal nuclease; CIP Mn-siRNAs, Mn-siRNAs treated with CIP,
GFP (746 bp) and Pp-Luc (1682 bp) mRNA positions are indicated.
(B) Quantification of the GFP/Pp-Luc band intensity ratios shown
in (A) were measured with the Fuji Phosphoimager.

demonstration that the GFP siRNAs produced in a si-
lencing reaction efficiently target degradation of the cor-
responding mRNA and that this activity required a 3’
hydroxyl group on the siRNAs.

siRNAs Behave as Primers and Are Incorporated
into dsRNA

The requirement for a 3’-hydroxyl group on the GFP
siRNAs to degrade the target mRNA indicated that they
might serve as primers for an RdRP activity in RNAI. If
this was correct, labeled siRNAs would be incorporated
into RNA product dependent specifically upon the use

of the complementary template RNA. 3*P-labeled siRNAs
(2.5 X 10° cpm), corresponding to 250 pg of dsRNA,
were prepared from full-size GFP and Pp-Luc **P-labeled
dsRNAs using the micrococcal nuclease digestion pro-
cedure and assayed for template RNA-dependent incor-
porationinto larger RNAs. Full-size GFP (716 bp) and Pp-
Luc (1652 bp) single strand, double strand, and capped/
adenylated RNAs were used as templates. The reaction
products were analyzed on denaturing 1.5% agarose
formaldehyde gels. Consistent with their role as primers
for RARP activity, the labeled GFP siRNAs were incorpo-
rated specifically into full-size RNA for all the templates
(Figure 4A). Heterologous RNA/siRNA combinations did
not result in any detectable siRNA incorporation (Figure
4A) and neither single- nor double-stranded DNA sub-
strates served as templates for siRNA uptake (data not
shown).

siRNAs Are Incorporated into dsRNA

that Is Subsequently Degraded

We wanted to determine if the full-length RNAs labeled
with siRNAs were double stranded. The reaction prod-
ucts were digested with RNase one and found to be
resistant to nuclease digestion under conditions that
completely degraded single-stranded GFP RNA tran-
scribed in vitro with T7 RNA polymerase (Figure 4B).
The slight sensitivity of the dsRNAs derived from the
different RNA templates suggested that some of them
might have contained gaps or mismatches susceptible
to RNase one digestion. RNase T1, which does not de-
grade dsRNA but cleaves single stranded RNA 3’ to G
residues, also did not degrade the siRNA-labeled RNAs,
as shown for GFP mRNA derived dsRNA (Figure 4B).
Therefore, the siRNA-abeled RNAs are double stranded.

The siRNA-labeled RNAs could also serve as sub-
strate for cleavage by RNase lli-related enzymes. To
test this, the full-length GFP dsRNA (shown in Figure
4A) was gel purified and incubated in extract. As shown
in Figure 4C, lane 3, the siRNA-labeled RNA was pro-
cessed to produce new GFP siRNAs.

Given this result, we speculated that longerincubation
of the siRNA incorporation reaction would show degra-
dation of the dsRNA and accumulation of the corre-
sponding siRNAs. This was observed when %P-labeled
GFP and Pp-Luc siRNAs and the cognate RNA tem-
plates were used to produce dsRNA (Figures 5A and
5B). The products were analyzed over a 3 hr period. The
full-length dsRNAs appeared rapidly within 2-5 min for
both the Pp-Luc and GFP templates (Figure 5A, panels
1 and 3) and reached a maximum leve! within 5-10 min
of incubation before the onset of degradation was ob-
served. Alonger exposure revealed that the siRNAs were
incorporated into shorter products that were degraded
during the time course of the reaction (Figure 5A, panels
2 and 4). By the end of the incubation period, more than
90% of the siRNA-labeled dsRNA was degraded while
nascent siRNAs continually increased over the time
course of the reaction (Figures 5A and 5B). SiRNA levels
did not plateau within 15 min, as observed with the
addition of labeled dsRNA to the extract, but continued
to accumulate (Figure 5B). This result confirmed that the
siRNA-labeled RNA was double stranded since single-
stranded RNA is not a substrate for RNase lli-related
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enzymes and does not produce siRNAs. When GFP
dsRNA was used as template for siRNA incorporation,
the production of new siRNAs was significantly slower
and reached a lower level compared to that seen with
mRNA template (Figure 5B, compare dsGFP to ssGFP).
This can be explained by the fact that cold dsRNA tem-
plate competes with the newly labeled dsRNA for the
cleavage reaction, as shown in the previous results (Fig-
ure 2B, compare lanes 3 and 4). SiRNAs incubated in
the absence of template remained at the same position
and intensity and did not shift into new products at all
time points (Figure 5B, no template).

Therefore, siRNAs are used to convert the target
mRNA into dsRNA, which is then cleaved by RNase Il
activity in the extract to eliminate the target RNA while
producing a new set of siRNAs to repeat the process.

A Synthetic 21 nt GFP Duplex siRNA

Is Incorporated into Full-Length

GFP dsRNA

It has been recently shown that synthetic 21 nt duplex
siRNAs can mediate RNAI in both Drosophila embryo
extracts and in Schneider cells (Elbashir et al., 2001b).
We prepared a **P-labeled 21 nt duplex siRNA corre-
sponding to nucleotides 26—44 in the GFP coding region
with two additional uridine residues on the 3’ end of each

Figure 4. siRNAs Are mRNA-Specific Prim-
ers for dsRNA Synthesis

(A) ¥P-UTP labeled GFP or Pp-Luc Mn-siR-
NAs, prepared from the full-length dsRNAs by
the micrococcal nuclease/CIP method (see
Experimental Procedures), were incubated in
extract with the cognate and heterologous

Primer-labeled RNA

RNA templates and assayed for incorporation
into larger RNAs on 1.5% agarose formalde-
hyde gels. Pp-Luc and GFP siRNAs were in-
corporated up to the corresponding full-size
RNAs only with the homologous single- or
double-stranded RNA templates. Incubation
of siRNAs in the absence of template or with
the heterologous template resulted in no prod-
uct. Single-stranded antisense RNA (as), dou-
ble-stranded RNA (ds), and capped-polyA RNA
(mRNA) were all templates for primer incorpo-
ration. GFP (746 bp) and Pp-Luc (1682 bp)
mark the positions of the corresponding full-
length RNAs.

(B) siRNAs are incorporated into RNA that is
double-stranded and resistant to digestion
by Ribonuclease One and Ribonuclease T1.
siRNAs-labeled GFP RNA produced from ei-
ther single- or double-stranded templates is
resistant to two different nucleases that do
not digest dsRNA. T7 ss GFP, single strand
control RNA transcribed in vitro with T7 RNA
polymerase. The same notation as in {A) is
used here.

(C) Full-length siRNA-labeled GFP dsRNA is
processed into new siRNAs, Full-length GFP
dsRNA, as shown in (A), was gel purified as
described in Experimental Procedures and
incubated in extract for processing. Lane 1,
25 bp ladder; Lane 2, marked control, pro-
cessed GFP dsRNA (90,000 cpm input); Lane
3, new GFP siRNAs produced from the full-
length GFP RNA labeled by siRNA incorpora-
tion (90,000 cpm input).

MW
+egey]  Control

strand (Figure 6A). This siRNA was tested for template-
specific incorporation into full-length GFP dsRNA using
sense and antisense GFP and Pp-Luc RNAs. Specific
incorporation would provide evidence for RARP activity
in the extract. This synthetic duplex siRNA primed the
synthesis of essentially full-length GFP dsRNA only
when the antisense RNA strand was used as template
(Figure 6B). The sense strand template primed the syn-
thesis of the predicted 44 nucleotide fragment corre-
sponding to the number of base pairs from the 3’ end
of the siRNA to the GFP AUG start codon at the 5’ end
of the template (Figure 6B). Pp-Luc templates did not
produce any incorporation of the GFP siRNA (Figure
6B). Therefore, both strands of the siRNA were used as
primers on the appropriate template strand and were
incorporated into dsRNA as a single primer event.

The dsRNA produced with the synthetic GFP duplex
siRNA was also synthesized and degraded with kinetics
similar to the GFP dsRNA produced with micrococcal
nuclease-generated GFP siRNAs (Figure 6D). This result
suggests that a single primer in the natural siRNA popu-
lation would be capable of priming the entire GFP
dsRNA. Using the synthetic GFP siRNA, we never saw
the intermediate products noted with the natural siRNAs
(Figure 6C, panel 2 versus Figure 5A, panels 2 and 4).
These intermediate products may represent numerous
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Figure 5. siRNAs Are Incorporated into
dsRNA Prior to Degradation and the Forma-
tion of New siRNAs

Ppluc -

(A) Nascent full-length GFP and Pp-Luc
dsRNAs labeled by siRNA incorporation are
synthesized then degraded upon prolonged
incubation in extract. Labeled siRNAs are
rapidly incorporated into dsRNAs up to the
full-length of the template RNAs. Panels 1
and 3, short exposure (20 min) of Pp-Luc and
GFP siRNA incorporation into dsRNA show-

GFP - |/

ing a maximal labeling rate at 5 to 10 min.
Panels 2 and 4, long exposure (2 hr) of panels
1 and 3 to reveal shorter labeled products,
The full-length products are essentially ab-
sent by 180 min of incubation.

(B) New siRNAs are produced during the deg-
radation of the full-length GFP and Pp-Luc
dsRNAs labeled by siRNA incorporation. No
template, the siRNAs are not incorporated

Time (min) 2 § 101530 6080 120 150 180

No template ssGFP template
& 7 A A

25 bp~|

e

<

2 5 10 15306080 120 150 180

dsGFP template

(see Figure 4A, minus template) and remain
at a constant level at each time point; ssGFP
template, using the reaction shown above in
(A) panel 3, new siRNAs are derived from the
labeled GFP dsRNA and continue to accumu-
late during the incubation period; dsGFP,
GFP dsRNA was used as a template for siRNA
incorporation. New siRNAs accumulate more
slowly during the reaction period due to the
competition for cleavage by cold GFP dsRNA.
Images are from the Fuji Phosphoimager.

Time {min) 0 30 60 90 2 5 15 30 6090 120 180

single primer extensions from various primer positions
along the target RNA.

Efforts to use unlabeled siRNAs and 32P-UTP to follow
dsRNA synthesis were unsuccessful due to the high
levels of nonspecific UTP incorporation in the extract
that were unaffected by a-amanitin and actinomycin
D. Nevertheless, the incorporation of the synthetic 21
nucleotide GFP duplex siRNA into dsRNA is consistent
with the presence of RdRP in the extract and its role
in the siRNA-dependent generation of dsRNA from the
mRNA target.

Discussion

Model for RNAI

Our findings complement and clarify the previously pro-
posed models conceming the mechanism of PTGS, quell-
ing, and RNAi (Bass, 2000; Baulcombe, 1999b, 2000;
Carthew, 2001; Cogoni and Macino, 2000; Gura, 2000;
Hammond et al., 2001b; Hunter, 2000; Kooteret al., 1999;
Maine, 2000; Marx, 2000; Meins, 2000; Plasterk and Ket-
ting, 2000; Sharp, 2001; Sijen et al., 2001). Most im-
portantly, we demonstrate the template-specific incorp-
oration of the 21-25 nucleotide RNAs, or siRNAs, to
generate dsRNA that is subsequently cleaved by RNase

2 5 15 30 60 90 120180

Il activity into new siRNAs. In this way, mRNA is de-
graded through a cycle of “degradative-PCR” (Figure
7). We present substantial evidence for RdRP activity
in Drosophila extracts and suggest siRNA incorporation
into dsRNA involves RARP, the crucial step in the ampli-
fication of the target RNA for rapid degradation by
RNase lil-type activity. Although we cannot exclude that
siRNAs may be incorporated into dsRNA by a direct
“guide” mechanism not involving RdRP, such a process
would not give the sufficient amplification of the double-
stranded RNA target. This would be needed to trigger
efficient RNAI with substoichiometric levels of the initiat-
ing double-stranded trigger RNA. Consistent with the
genetic screens in other lower eukaryotes, our results
suggest a role for RARP in Drosophila RNAi as well.

Double-Stranded RNA as the Target for Degradation
and the Source for New siRNAs

The requirement for a dsRNA trigger as the effector for
silencing can be partially explained by the nature of the
dsRNA cleavage step required for siRNA production. As
previously noted by Fire and associates (Parrish et al.,
2000) and reiterated by Sharp (Sharp, 2001), any factor
that significantly alters the double-stranded nature of
the dsRNA trigger, such as sequence divergence or

00ntas
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Figure 6. Incorporation of a Synthetic 21 Nu-
cleotide Duplex GFP siRNA into dsRNA

(A) The GFP coding region and the sequence
of the synthetic 21 nucleotide duplex GFP
siRNA are indicated. The siRNA corresponds
to nucleotides 26—44 in the GFP coding region
with two additional uridine residues on the 3’
end. The 5’ end of each strand of the siRNA
was labeled with [y-¥PJATP (see Experimen-
tal Procedures).

(B) Left, the expected product lengths for in-
corporation of each strand of the synthetic 21
nucleotide GFP siRNA using full-length GFP
sense and antisense RNA templates are
shown: 690 bp with the antisense strand tem-
plate and 44 bp with the sense strand tem-
plate. Right, the ¥?P-labeled siRNA incorpora-
tion into full-length GFP dsRNA occurs only
with the GFP antisense RNA template and
gives the expected 44 bp product with the
sense strand template. Pp-Luc templates
give no product. GFP and Pp-Luc mark the
positions of the full-length RNAs and MW de-
notes the 25 bp ladder.

(C) GFP dsRNA produced with the synthetic
21 nucleotide duplex GFP siRNA is rapidly
synthesized and then degraded upon pro-
longed incubation in the reaction (Panel 1).
Note with longer exposure the absence of
intermediate products for the early time
points for GFP dsRNA formation (Panel 2).
GFP marks the position of the full-length RNA
(690bp). Panels 1 and 2 were exposed for 30
min and 2 hr, respectively.

(D) GFP dsRNA produced either with micro-
coccal nuclease generated GFP siRNAs (Mn-
siRNA, data from Figure 5A, GFP) or the syn-
thetic 21 nucleotide duplex GFP siRNA
(siRNA-21) is synthesized and degraded with
the same kinetics in the incorporation reac-
tion. Note that maximal levels of GFP dsRNA
occur at 5 min for both synthetic and natural
siRNAs. Data were quantified on the Fuji
Phosphoimager.

~75 bp

'1-50 bp

B .
e et
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chemical modification, affects silencing substantially. In
the model proposed here, any changes in strand com-
plementarity could presumably reduce the susceptibility
of the triggering dsRNA to RNase lll-type cleavage. The
nature of the sense and antisense strands in the trig-
gering dsRNA would also play a role in the efficacy
of silencing since the RARP amplification step would
depend upon the production and functionality of the
siRNAs. We show that both strands of a synthetic 21
nucleotide GFP duplex siRNA function as primers to
give the expected RNA products when the appropriate
GFP template strand is used (Figure 6).

The length of the siRNAs may be an important aspect
of their function. Previous reports indicated that 29-36
nucleotide dsRNAs transcribed in vitro do not direct
RNA; efficiently in Drosophila extracts (Elbashir et al.,
2001b), and that a 26 nucleotide dsRNA, also tran-
scribed in vitro, when injected into worms, triggered
lower than expected levels of RNA interference at 25°C
and none at 16°C (Parrish et al., 2000). However, chemi-
cally synthesized 21 and 22 nucleotide siRNAs can me-
diate targeted RNA cleavage in Drosophila embryo ex-

tracts and in Schneider cells (Elbashir et al.,, 2001a,
2001b). The siRNAs produced in Drosophila embryo ex-
tract by micrococcal nuclease and CIP treatment are
essentially as efficient on a weight basis in RNAj as
the full-length dsRNA from which they were derived,
suggesting there is some optimal length for siRNAs in
RNAi. The conservation in the size range for the small
RNAs associated with silencing in all the species exam-
ined proposes that it may be closely correlated with
primer function. This could be due to some unique prop-
erty of primer activity in a protein complex that has yet
to be identified.

We demonstrate that siRNAs require a 3’ hydroxyl
group for function in RNAI. The authentic siRNAs, pro-
duced in Drosophila extracts by RNase lli-related en-
zymes such as Dicer (Bernstein et al., 2001), have been
chemically characterized and shown to have a 5’ phos-
phate and a 3’ hydroxy! group (Elbashir et al., 2001b).
The micrococcal nuclease generated siRNAs described
here are functional in RNAi and can be incorporated into
dsRNA after phosphatase treatment (Figure 3) to remove
the 3’ phosphate group produced by the nuclease diges-
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Figure 7. A Model for RNAi

(A) RNAI is initiated by a threshold concentration of the trigger
dsRNA, which is immediately cleaved by RNase lil-related enzymes,
such as Dicer, to generate duplex siRNAs. The siRNAs are proposed
to interact with the target mRNA as primers to form dsRNA in the
following ways: (1) siRNA primers align randomly along the template
strand, one per template, and are extended by RARP to form dsRNA;
and (2) multiple siRNA primers align along the template strand and
are extended by RARP then ligated by a putative RNA ligase. If the
siRNAs were “guide” RNAs, they would only be ligated along the
template strand by RNA ligase to form larger dsRNA. However, a
“guide” mechanism for primer incorporation could not amplify the
target dsRNA sufficiently when substiochiometric levels of dsRNA
are used to initiate RNAi, so this mechanism is not considered likely.
Importantly, unlike RdRP, there is no genetic evidence for the
involvernent of RNA ligase in RNAI. Even though dsRNA can direct
siRNA incorporation in vitro, this may play a minor role in the overall
RNAi process and the potential amplification of the trigger dsRNA
since dsRNA is rapidly degraded. Genetic screens also suggest a
role for helicase, which may be involved in unwinding the siRNAs
for dsRNA synthesis. Ultimately, the nascent dsRNA greater than
39 bp in length is then cleaved by RNase lll-related enzymes and
this step generates new siRNAs to amplify mRNA degradation. it is
not clear what fraction of the dsRNA generates siRNAs. This cycle
is repeated with the new siRNAs until the target mRNA is degraded.
(B) The model predicts that the GFP dsRNA trigger RNA should
target both sense and antisense GFP transcripts, and that the GFP
siRNA primer used in Figure 6 should direct GFP mRNA degradation
since it generates dsRNA greater than 39 bp. This is what is observed
using either 1 g of GFP dsRNA or 1 g GFP siRNA-21 to target
GFP sense or antisense mRNA: Panel 1, GFP dsRNA with GFP
mRNA; Panel 2, GFP dsRNA with GFP antisense mRNA; and Panel
3, GFP siRNA-21 with GFP mRNA.

tion. The 21 nucleotide synthetic siRNA primer (Figure
6) also has a 3’ hydroxyl group that would be required
for incorporation into dsRNA by RARP activity. Whether
or not the 3’ hydroxyl group is also used in a primer
ligation step remains to be determined.

In agreement with the results reported using the syn-
thetic siRNAs hybridized to RNA (Elbashir et al., 2001b),
we show that cleavage of the GFP target RNA occurs
after the synthetic GFP siRNA is incorporated into
dsRNA. If cleavage occurred in the template RNA imme-
diately upon binding to the synthetic GFP siRNA, no
full-length GFP dsRNA would have been observed.
Therefore, cleavage occurs in the nascent dsRNA in
regions inside and outside the zone represented by the
initial siRNA since the primers are extended to make
dsRNA. The fact that the synthetic GFP siRNA is ex-
tended to the 5’ end of the sense strand template (Figure
6B) would also restrict cleavage, in this instance, to the
region upstream of the 3’ terminus of the siRNA. Any
region of the target RNA converted into duplex by a
given siRNA would be subject to digestion by RNase Il
activity.

A Role for RARP in Drosophila RNAI

It has been proposed previously that there is no amplifi-
cation of the trigger dsRNA in RNAi in C. elegans (Sharp,
2001), based upon the effects of asymmetric strand sub-
stitutions in the input dsRNA (Parrish et al., 2000). We
provide evidence that both single- and double-stranded
RNAs can serve as templates for siRNA incorporation
into dsRNA in Drosophila extract. However, the rapid
degradation of dsRNA suggests that amplification of the
trigger dsRNA is of limited value. In the substitution
experiments described by Fire et al. (Parrish et al., 2000),
modifications on the sense strand had no effect, but the
same substitutions on the antisense strand rendered
the modified dsRNA inactive in RNAi when injected into
worms. Since any amplification of the modified dsRNA
would difute out the substitution effects, it was con-
cluded that the target dsRNA was not amplified (Sharp,
2001). Our results also indicate that the antisense siRNA
strand would be the most important for the synthesis
of new dsRNA from the mRNA template (Figure 6).

Genetic studies have identified several mutants in C.
elegans, Neurospora crassa, and Arabidopsis thaliana
that resist RNA interference. These include mutants that
affect the initiation of silencing activity (rde-7 and rde-4
in C. elegans [Tabara et al., 1999], gde-2 in Neurospora
[Catalanotto et al., 2000}, and AGO-1 in Arabidopsis
[Fagard et al., 2000}), mutants in the effectors of silenc-
ing {rde-2 and mut-7 in C. elegans [Ketting et al., 1999],
the later related to RNase D), mutants in helicase (gde-3
in Neurospora [Cogoni and Macino, 1999b], and SDE-3
in Arabidopsis [Dalmay et al., 2001]), and mutants in
RNA-dependent RNA polymerase (ego-1 in C. elegans
[Smardon et al., 2000], gde-7 in Neurospora [Cogoni
and Macino, 1999a], and SGS-2/SDE-1 in Arabidopsis
[Dalmay et al., 2000; Mourrain et al., 2000]). Although
by sequence comparison an RdRP homolog in Drosoph-
ila has not yet been identified, our results suggest the
presence of an RARP gene.

RdRP-dependent as well as -independent mecha-
nisms may be involved in the generation of dsRNA up
to the full-length of the target RNA, according to one of
the following schemes: (1) a single siRNA primer would
be extended from various positions along individual
template strands by RARP to generate dsRNAs; and (2)
different siRNAs would associate along a single tem-
plate RNA and be extended by RdRP to the adjacent
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siRNA primer. The extension products would be ligated
to generate dsRNAs. This model would require RARP
activity as well as an RNA ligase step; and (3) dsRNAs
would be formed by a primer “guide” mechanism where
they would align along the template for subsequent liga-
tion. All these mechanisms could generate dsRNA of
sufficient length to be cleaved by RNase llI-type activity
since this requires a minimum of 39 base pairs (Elbashir
et al., 2001b). Our results favor the first and second
models since RARP activity would be required to amplify
the target dsRNA sufficiently when substiochiometric
amounts of the trigger dsRNA are involved in initiating
RNAI (Figure 7). A primer “guide” mechanism would re-
quire the involvement of an RNA ligase in order to gener-
ate larger dsRNAs, and genetic screens have not identi-
fied refated genes as candidates essential for RNAI. As
previously noted, RARP genes have been shown to be
involved in posttranscriptional gene silencing in three
different lower eukaryotes. In addition, the “guide”
primer ligation model is not supported by observations
using synthetic siRNAs. siRNAs generated from dsRNAs
greater than 111 nucleotides in length are not well de-
fined and are derived from several overlapping regions
of different lengths (18-24 nucleotides) to make the
siRNA population heterogeneous in composition (El-
bashir et al., 2001b). It is unlikely that a “guide” mecha-
nism could sort out the precise siRNAs for ligation along
the target RNA to rapidly generate the full-length dsRNA.
The most convincing evidence for the involvement of
RdRP activity in Drosophila RNAi comes from our results
using the synthetic 21 nucleotide GFP duplex siRNA
where fuli-length GFP dsRNA was produced from a sin-
gle primer (Figure 6) with the same time course of syn-
thesis and degradation as dsRNA produced using the
micrococcal-nuclease-generated GFP siRNAs (Figure
6D). The extension of both strands of the synthetic
siRNA in a template-dependent manner to yield the ex-
pected dsRNA products (Figure 6B) would specifically
require an RARP. The role for helicase activity in RNAi,
as shown for gde-3 in Neurospora (Cogoni and Macino,
1999b) and SDE-3 in Arabidopsis (Dalmay et al., 2001)
in the genetic screens, may be to unwind the primers or
the dsRNA trigger, but this remains to be demonstrated.

Predictions from the Degradative PCR Model

Double-stranded RNA is processed into siRNA primers
that convert the target mRNA into dsRNA for subsequent
degradation and the formation of new siRNAs. Since
the siRNA primers are double stranded, they should
direct the degradation of either sense or antisense cog-
nate target RNAs. This is exactly what is observed when
either sense or antisense GFP mRNA is incubated in
extract with GFP dsRNA (Figure 7B). Therefore, dsRNA
representing transcripts derived from opposite strands
of a complementary template would be targeted simul-
taneously to effect silencing of more than a single gene
in some instances. The siRNA primer model also sug-
gests a single siRNA should target transcript degrada-
tion as long as the primer extended product is of suffi-
cient length to be cleaved by RNase Ill activity, roughly
39 nucleotides. When the siRNA-21 shown in Figure 6
is used in a silencing assay, GFP mRNA is selectively
degraded, as predicted, since the extended primer pro-
duces dsRNA 44 bp long (Figure 7B). Therefore, a single

primer is sufficient to target mRNA silencing. This result
also predicts that a primer producing the longest dsRNA
product would be the most efficient since the second
generation of siRNAs would represent more of the tar-
get RNA,

Experimental Procedures

Drosophila Embryo Extracts and RNAi Assay

Drosophila embryo extracts were prepared and subfractionated us-
ing the procedures previously described by Tusch! et al. (1999) and
Hammond et al. (2000). Aliquots of all extract preparations were
stored at ~80°C. In vitro RNAi reactions were performed as de-
scribed by Tuschl with 10-50 pM (final concentration) *P-UTP-
labeled capped and adenylated target and control mRNAs and 10
nM unlabeled dsRNA as the trigger RNA unless otherwise noted.
Reaction products were analyzed on 1.5% formaldehyde gels and
processed as previously described (Tuschi et al., 1999).

RNA Synthesis

Unlabeled and labeled RNAs were prepared using one of the follow-
ing Ambion kits, as recommended by the company. After synthesis,
the reactions were phenol extracted and precipitated with isopropa-
nol as recommended. For unlabeled dsRNA, the MegaScript T3 and
T7 kits were used. For labeled dsRNA, the T3 and T7 MaxiScript
kits were used with [PJUTP (800 Ci/mmole) as the only source of
UTP. For capped and adenylated labeled mRNA, the SP6 Message
Machine Kit was used with 40 uCi UTP (Redivue 3000 Ci/mmole)
and the appropriate GFP (716 bp) and Pp-Luc (1652 bp) plasmids.
Where indicated, the RNAs were annealed, as previously described
by (Misquitta and Paterson (1999) and Tuschl et al. (1999) and di-
gested with RNase one to eliminate single strand contamination.

Analysis of dsRNA Processing

High specific activity GFP dsRNA (>1 X 10° cpm/pg) was incubated
for various times, up to 3 hr, at the indicated concentrations in
Drosophila extract, as described for RNAi assays. After treatment,
samples were prepared for analysis on 6% sequencing gels, as
previously noted (Zamore et al,, 2000). A 25 bp DNA ladder was
used as a molecular weight marker and was labeled with [a-*P}JdCTP
according to the manufacturer (Life Sciences). In order to process
siRNA-labeled GFP dsRNA, the RNA was fractionated on a 4% mini
DNA-sequencing ge!, the band of full-length dsRNA was excised,
and the material electro-eluted. The eluted material was phenol
extracted and precipitated with 20 g of glycogen carrier, dissolved
in TEN (10 mM Tris [pH 7.5], 0.1 mM EDTA, and 20 mM NaCl),
annealed, and processed for siRNA production in a 30 min incuba-
tion as described above.

Preparation of siRNAs

For preparative amounts of siRNAs, 500 ng to 10 pg of unlabeled
dsRNA was added to 100 pl of S100 extract, prepared from embryo
lysate according to Hammond et al. (2000), and adjusted to a final
concentration of 100 mM potassium acetate, 30 mM HEPES (pH
7.4), 2 mM Mg acetate, 5 mM DDT, 10 mM creatine phosphate,
1p.g/ml creatine kinase, 500 uM ATP, and 500 .M a-amanatin and
incubated 30 min at 25°C. After processing, micrococcal nuclease
(Roche) was added to a final concentration of 60 U/50 pl of reaction
in the presence of 2 mM CaCl, and incubated for 30 min at 37°C.
This step was repeated and the reaction was stopped by the addition
of EGTA to a final concentration of 10 mM. The siRNA preparation
was digested with 100 j.g/ml proteinase K for 15 min at 65°C in 100
mM Tris-HCI (pH 7.5), 12.5 mM EDTA, 150 mM NaCl, and 1% SDS,
phenol extracted and precipitated with ethanol using 40 g of glyco-
gen as carrier (Tuschl et al.,, 1999). The precipitated material was
dissolved in 50 pl of water. Ten microliters of the siRNAs were
treated with 20 U of calf-intestinal phosphatase in New England
Biolabs buffer 3 in a final volume of 50 wi for 1 hr at 37°C. The
sample was phenol extracted and precipitated with ethanol. The
material was dissolved in 10 wl of water for further use. For the
preparation of very high specific activity siRNAs, RNA was tran-
scribed in vitro (see below) using [F*PJUTP (800 Ci/mmole) as the
only source of UTP to give dsRNAs with specific activities >10°
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cpm /ug. Typically, 1 ug of labeled dsRNA was processed as above
to generate highly labeled siRNAs.

Two synthetic 21 nucleotide RNAs were synthesized by the Yale
Keck Labs (trityl-off) representing nucleotides 26-44 in the GFP
coding region and containing two additiona! U residues on the 3’
end: RNA-1, CUGGAGUUGUCCCAAUUCUUU and RNA-2, UUGAC
CUCAACAGGGUUAAGA. To label the 21 nucleotide RNAs, 0.1 ug
of each RNA was labeled in a 10 ! reaction using T4 polynucieotide
kinase (NEB) with 3 p! of [y-**P]JATP (crude, ICN 6000 Ci/mmol) and
passed over a G-25 spin column in 50 ul final volume {preadjusted
with TE) to yield a specific activity of >10° cpm/ug for each 21
nucleotide RNA. Kinase was inactivated by incubation at 70°C for
10 min after the addtion of 1 ul of 0.5 M EDTA, as recommended
by the manufacturer. Twenty microliters of each labeled synthetic
RNA was annealed in a 50 pl reaction to form the siRNA as described
(Elbashir et al.,, 2001b). Unlabeled siRNAs were prepared by anneal-
ing 7.5 wg of each RNA in 50 pl as previously noted.

SiRNA Incorporation Assay

S$100 fraction, prepared from embryo extract, was used instead of
crude extract under standard RNAi reaction conditions with 500 pM
a-amanitin, 2.5 X 10° cpm of 2P-UTP labeled siRNAs, and 3 ug of
RNA template (either double- or single-stranded RNA), incubated
at 25°C for 60 min or the indicated times for the time course reac-
tions. The primer incorporation reaction was stopped with protein-
ase K/SDS buffer and extracted as before (Tuschi et al., 1999).
Labeled RNA products were analyzed on 1.5% agarose formalde-
hyde gels or 6% DNA sequencing gels. For incorporation reactions
using the 21 nucleotide synthetic duplex siRNA, 1 ug of unlabeled
siRNA was mixed with 3 X 10 cpm of labeled siRNA along with 3
ug of template and incubated in extract as described above.

Ribonuclease One and Ribonuclease T1 Digestions

Digestions of single- and double-stranded RNAs as well as the
products of the siRNA incorporation reactions were carried out using
Ribonuclease One (Promega, 10 wU/3 pg of cold template) for up
to 5 min at 37°C in buffer supplied by the manufacturer. Ribo-
nuclease One digests RNA to nucleotide monophosphates so gel
purification of dsRNA was not required. Reactions were then phenol
extracted as before and analyzed on 1.5% agarose formaldehyde
gels. For Ribonuclease T1 (Roche) digestion, identical RNA samples
were dissolved in 50 pl of TE (10 mM Tris [pH 7.5} and 0.1 mM
EDTA) and digested with 100-500 units of enzyme for 30 min at
37°C. The reactions were phenol extracted and precipitated with 20
ng of glycogen carrier prior to ge! analysis.

Image Analysis

Radioactivity was detected by exposing the dried agarose ge! (dried
under vacuum) onto an Immobilon-NY+ membrane or sequence gel
directly to Kodak AR-2 film at —80°C with a Dupont screen or a Fuji
image plate, the latter quantified with a Fujix Bas 2000 using Image
Gauge 3.0 software.
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