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Como resultado del Examen de Fondo realizado, con fundamento en el Articulo 45
de la Decision 486 de la Comisién de la Comunidad Andina, se comunica:

1. Documentos estudiados

Descripcion: Folios 103 a 250 9/Octubre/2009
Reivindicaciones: Folios 251 a 265 9/Octubre/2009
Folios 297 a 307 30/Diciembre/2009
Dibujos: Folios 267 a 273 9/0ctubre/2009
Prioridad: US 60/911,654 13/Abril/2007

2. Analisis de la Prioridad

Se acepta la reivindicacion de Prioridad porque esta solicitud fue presentada dentro
del plazo establecido (Art. 9 D 486), y su contenido técnico corresponde con el de |a
prioridad reivindicada.

3. Modificaciones aceptadas

Se acepta el nuevo capitulo reivindicatorio (Fls. 297 a 307) porque no se amplia el
objeto de la Solicitud.
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4, Objeto de la invencidén :

Titulo de la solicitud: “Moléculas y métodos para modular la pro-proteina convertasa-
subtilisina/quexina tipo 9 (PCSK9)". |

!
El problema planteado en esta solicitud consiste en suministrar moléculas de enlace
de la pro-proteina convertasa- subtlllsmalquexma tipo 8 (PCSK89) para el tratamiento
de enfermedades relacionadas con altos niveles de LDL circulante.

Para resolver este problema técnico la solicitud en estudio proporciona una molécula
que se enlaza con un epitopo dentro del dominio catalitico de la (PCSK9).

El objeto de la presente Solicitud se relaciona con la Clasificacion Internacional de
Patentes (CIP): CO7K 16/40; C12N 9/64.

5. No es una invencién (Art 15 D 486|literal (b))

El objeto de la reivindicacion 47 no se considera una invencion, de acuerdo ceon el
Art citado porgue hace referencia a material biolégico existente en la naturaleza
correspondiente a dominios de la proteina PCSKQ.

6. De la Solicitud de Patente
Titulo

El titulo no corresponde con el objeto de la solicitud porque hace referencia a
métodos de tratamiento, lo cual no se consrdera materia patentable, por lo cual se
sugiere al Solicitante hacer la correccién necesaria.

Reivindicaciones (Art 30 D 486, Art 2% PCT)

El capitulo reivindicatorio no es conciso porgue contiene un excesivo numero de
reivindicaciones independientes, lo cual hace dificil definir cual es el objetoc que se
busca proteger.

El capitulo reivindicatorioc no es claro porque reclama una molécula de enlace
caracterizada por el epitopo al cual se une. Las reivindicaciones 1 — 64 utilizan las
expresiones “la cual comprende una porcnon de enlace de antigeno de un anticuerpo
que se enlaza especificamente con una PCSK9, en donde la porcién de enlace de
antigeno se enlaza con un epitopo dentro del dominio catalitico de la PCSK9”,

“donde la porcion de enlace de antigeno se enlaza con un epitopo dentro del domlmo
rico en cisteina de la PCSK®", “donde la porcién de enlace de antlgeno se enlaza
con un epitopo dentro del pro-dominio de 1a PCSK9”, “donde la porcion de enlace de
antigeno reacciona cruzadamente con hna PCSKE", "donde la porcién de enlace de
antigeno se enlaza con un epitopo Imeai" “‘donde la porcnén de enlace de antigeno
se enlaza con un epitopo no lineal”, donde la porcién de enlace de antigeno se
enlaza especificamente con un epltopo de la PCSKY", "donde la porcién de enlace
de antigeno se enlaza con PCSK 9 con una constante de disociacion (Kp) igual o
menor que (...)", “donde el anticuerpo es un anticuerpo humanizado {...)", “donde la
porcibn de enlace de antigeno es una porcion de enlace de antigeno de un
anticuerpo (...)", "es un anticuerpo qu:ménco" ‘comprende un fragmento Fab (...)",

“donde la molécula de enlace de PCSKS inhibe el enlace de PCSK9 con un ligando
de PCSKS (...)", “donde la molécula de enlace de PCSK9 inhibe (...)", “donde fa
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molécula de enlace de PCSK9, cuando se pone en contacto con un hepatocito bajo
condiciones en donde este presente la PCSK®, aumenta la absorcion de colesterol
(...)", “donde la molécula de enlace de PCSK9 se enlaza con PCSK9", “es cuando
menos 75 por ciento identica (...)", “"donde la porcién de enlace de antigeno se deriva
a partir de un anticuerpo de uno de los siguientes isotipos (...}", que son resultados a
alcanzar y no definen a la molécula puesto que la reivindicacion incluiria no sélo la
solucion propuesta por el solicitante, sino todas |as alternativas presentes o futuras
que lleguen a ese resultado. Se requiere reemplazarlo por las caracteristicas
esenctales o estructurales que contribuyen a la obtencién de ese efecto, como la
secuencia de aminoacidos de las cadenas pesada y ligera, la secuencia de
aminoacidos de las regiones variables de las cadenas pesada y ligera y la secuencia
de aminoéacidos de las regiones determinantes de complementariedad (CDR).

La reivindicacién 46 reclama una composicion farmacéutica que comprende la
molécula de enlace de PCSK9. Se recuerda al solicitante que una composicién se
caracteriza por los componentes y las proporciones dentro de la misma.

Se requiere al Solicitante hacer las aclaraciones necesarias.
7. Unidad de invencion (Art 25 D 486)

La Solicitud no cumple con el Requisito de Unidad de Invencion porque se refiere a
15 Grupos inventivos.

Los Grupos Inventivos estan definidos por las siguientes caracteristicas esenciales:

1° Molécula de enlace a PCSK9 que se une al epitopo, dentro o traslapandose con
los aminoacidos 166-177 de la SEQ ID NO: 1. Reivindicaciones 1,4 -7,9, 13, 17 —
46, parcialmente.
2° Molécula de enlace a PCSK9 que se une al epitopo, dentro o traslapandose con
los aminoacidos 187-202 de la SEQ ID NO: 1. Reivindicaciones 1,4-7,9, 13, 17 -
46, parcialmente.
3° Molécula de enlace a PCSK9 que se une al epitopo, dentro o traslapandose con
los aminoacidos 206-219 de la SEQ ID NO: 1. Reivindicaciones 1,4-7,9, 13,17 -
46, parcialmente.
4° Molécula de enlace a PCSKS9 que se une al epitopo, dentro o traslapandose con
los aminodacidos 231-246 de la SEQ ID NO: 1. Reivindicaciones 1,4-7,9, 13,17 -
48, parcialmente.
5° Molecula de enlace a PCSKS que se une al epitopo, dentro o traslapandose con
los aminoacidos 277-283 de la SEQ ID NO: 1. Reivindicaciones 1,4 ~7,9, 13, 17 -
46, parcialmente.
6° Molécula de enlace a PCSKS que se une al epitopo, dentro o traslapandose con
los aminoacidos 336-349 de la SEQ ID NO: 1. Reivindicaciones 1,4-7,9, 13, 17 -
48, parcialmente.
7° Molécula de enlace a PCSK9 que se une al epitopo, dentro o traslapandose con
los aminoacidos 368-383 de la SEQ ID NO: 1. Reivindicaciones 1,4-7,9, 13, 17 -
46, parcialmente.
8° Molecula de enlace a PCSKS que se une al epitopo, dentro o traslapandose con
los aminoacidos 426-439 de la SEQ ID NO: 1. Reivindicaciones 1,4-7,9, 13,17 -
486, parciaimente.
9° Molécula de enlace a PCSK9 que se une al epitopo, dentro o traslapandose con
los aminoacidos 443-500 de [a SEQ ID NO: 1. Reivindicaciones 1,4-7,9, 13, 17 -
46, parcialmente.
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10° Molécula de enlace a PCSK9 que se une al epitopo, dentro o traslapandose con
los aminoacidos 557-590 de la SEQ ID NO 1. Reivindicaciones 1,4-7,9, 13,17 -
46, parcialmente.
11° Molécula de enlace a PCSK9 que se une al epitopo, dentro ¢ traslapandose con
los aminoacidos 636-678 de la SEQ 1D NO: 1. Reivindicaciones 1,4~7,9, 13,17 —
46, parciaimente. '
12° Moiécula de enlace a PCSK9 que se une al epitopo, dentro o traslapandose con
los aminoacidos 89-134 de la SEQ ID NO: 1. Reivindicaciones 3 - 8, 13, 17 — 48,
parcialmente.
13° Molécula de enlace a PCSK9 que se une al epitopo, dentro ¢ traslapandose con
los aminoacidos 101-107 de ia SEQ ID NO: 1. Reivindicaciones 48 — 64,
parcialmente.
14° Molécula de enlace a PCSK9 que sé une al epitopo, dentro o traslapandose con
los aminoacidos 123-132 de la SEQ ID NO: 1. Reivindicaciones 48 — 64,
parcialmente. |
15° Molécula de enlace a PCSK9 que se une al epitopo, dentro o traslapandose con

los aminoacidos 101-132 de la SEQ ID NO: 1. Reivindicaciones 48 - 64,
parcialmente.

: o ,
No se guarda un concepto inventivo comun porque las moléculas de enlace no
comparten una estructura comun esencial para la actividad y porque anticuerpos
dirigidos a PCSK9 ya eran conocidos e!n los documentos D1y D2.

Se sugiere presentar las Solicitudes Divisionales que considere necesarias, 6 limitar
la solicitud inicial a una sola invencién,[eliminando de ella las otras invenciones.

8. Determinacion del Estado de la Técnica

El estado de la técnica se determiné con base en la fecha de presentacién de la
solicitud de prioridad: Abril 13 de 2007,,y se encontraron los siguientes documentos
que anticipan el objeto de esta solicitud:

|

item Documento | Titulo Fecha de Publicacién
Th—%‘%g;.—?ld Secreted PCSK9 decreases the
D1 Investigation number of LDL receptors in 1/Noviembre/2006
Vol.116 P4 hepatocytes and in livers of
——‘—-9-2995_3005 parabiotic r[nce
Adenoviral-mediated expression
PNAS. Vol.101, | of Pcsk8 injmice results in a low-
i
D2 Paqg. 7100-7105 | density lipoprotein receptor 4/mayo/2004
knockout phenotype

D1 http./iwww.jci.org/articlesiview/29383 divulga un anticuerpo que se enlaza con los
aminoécidos 165-180 del dominio catalitico de la proteina PCSK9 (Pag. 3003,
columna izquierda, lineas 28-31). |

D2 http:/iwww pnas.orgicontent/101/18/7100 dlvulga un anticuerpo que se enlaza con los
aminoacidos 583-603 del dominio rico‘en cisteina de la proteina PCSK9 (Pag. 7101,
columna izquierda, lineas 1y 2).
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8. Examen de Patentabilidad (Art 14 D486)

Novedad (Art 16 D486)

La reivindicacion 1 consiste en una molécula de enlace de polipéptido de pro-
proteina convertasa-subtilisina/quexina tipo 9 aislada (PCSK9), la cual comprende
una porcién de enlace de antigeno de un anticuerpo que se enlaza especificamente
con una PCSK9, en donde la porcidn de enlace de antigeno se enlaza con un
epitopo dentro del dominio catalitico de l[a PCSKS humana (SEQ ID NO:1), dentro ¢
traslapandose con uno de los siguientes:

(a) aminodcidos 166-177 de la SEQ ID NO:1;

(b) aminoacidos 187-202 de la SEQ ID NO:1;

{¢) aminoacidos 206-219 de la SEQ ID NO:1;

(d) aminoacidos 231-246 de la SEQ ID NO:1;

(e) aminoacidos 277-283 de la SEQ ID NO:1;

(f) aminoacidos 336-349 de la SEQ 1D NO:1;

{g) aminoacidos 368-383 de la SEQ ID NO:1; 0

{h) aminoacidos 426-439 de la SEQ ID NO:1.

Comparacién de las caracteristicas técnicas esenciales, con las del Estado de |la Técnica:

Caracteristicas esenciales D1

Una molecula de enlace de polipeptido de pro- | Un anticuerpo que se enlaza con los
proteina convertasa-subtilisina/quexina tipo 9 | amincacidos 165-180 de |a proteina PCSKS
aislada {PCSK9), la cual comprende una porcién
de enlace de antigeno de un anticuerpo que se | (Pag. 3003, columna izquierda, lineas 28-31)
enlaza especlificamente con una PCSKS, en
dande la porcion de enlace de antigeno se enlaza
con un epltopo dentro del dominio catalitico de la
PCSK9 humana (SEQ ID NO:1), dentro o
traslapandose con uno de los siguientes:

{a) aminoécidos 166-177 de la SEQ ID NO:1;
{b} aminoéacidos 187-202 de la SEQ ID NO:1;

¢) aminoéacidos 206-2192 de la SEQ 1D NO:1;

d) aminoacidos 231-246 de la SEQ 1D NO:1;

&) aminodcidos 277-283 de la SEQ ID NO:1;

f)y aminoacidos 336-349 de la SEQ 1D NO:1;

g) aminodcidos 368-383 de la SEQ ID NO:1; 0
h) aminoéacidos 426-439 de [a SEQ ID NO:1. |

(
(
(
(
(
(

Las caracteristicas esenciales de la molécula de enlace de la reivindicaciéon 1
habian sido divulgadas previamente en D1, el cual ensefia un anticuerpo que se
enlaza con los aminoacidos 165-180 del dominio catalitico de |a proteina PCSK9
(Pag. 3003, columna izquierda, lineas 28-31).

En consecuencia, la reivindicacion 1 carece de novedad, segun lo divulgado en el
documento D1.

La reivindicacién 2 consiste en una molécula de enlace de PCSK9 aislada, la cual
comprende una porcion de enlace de antigeno de un anticuerpo que se enlaza
especificamente con una PCSK9, en donde la porcion de enlace de antigeno se
enlaza con un epitopo dentro del dominio rico en cisteina de la PCSK9 humana,
dentro o traslapandose con uno de los siguientes:

(a) aminoacidos 443-500 de la SEQ ID NO:1;

(b) aminoacidos 557-590 de la SEQ ID NO:1; 0

{c) aminoacidos 636-678 de la SEQ ID NO:1.
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Comparacion de las caracteristicas técnicas esenciales, con las del Estado de la Técnica;

Caracteristicas esenciales i D2

Una molécula de enlace de PCSK9 aislada, 1a | Un anticuerpo que se enlaza con los

cual comprende una porcién de enlace dé amincacidos 583-603 de |la proteina PCSK8
antigeno de un anticuerpo que se enlaza
especificamente con una PCSK9, en donde 1& (Pag. 7101, columna izquierda, lineas 1y 2)
porcién de enlace de antigeno se enlaza con un

epitopc dentro del dominio rico en cisteina de la -

PCSK9 humana, dentro o traslapandose con ung ,

de los siguientes: !

(&) amino4cidos 443-500 de la SEQ ID NO:1; I

{b) aminoacidos 557-590 de la SEQ ID NO:1; 0

(¢) amino4cidos 636-678 de la SEQID NO:1. | | B

Las caracteristicas esenciales de la molécula de enlace de la reivindicacion 2
habian sido divulgadas previamente ecﬁ D2, el cual ensefia un anticuerpo que se
enlaza con los aminoacidos 583-603 del dominio rico en cisteina de la proteina
PCSKS (Pag. 7101, columna izquierda, lineas 1y 2).

En consecuencia, la reivindicacion 2 carece de novedad, segun lo divulgado en el
documento D2.

Nivel Inventivo (Art18 D486) l

La reivindicacién 3 consiste en una molécula de enlace de PCSK9 aislada, la cual
comprende una porcién de enlace de, antigeno de un anticuerpo que se enlaza
especificamente con una PCSKS, en donde la porcidn de enlace de antigeno se
enlaza con un epitopo dentro del pré-dominio de la PCSK9 humana, dentro o
traslapandose con los aminoacidos 891134 de la SEQ ID NO:1.

Comparacion de las caracter(sticas técnicas esenciales, con las del Estado de la Técnica:

| Caracteristicas esenciales D1 D2

 Una moltécula de enlace de | Un anticuerpo que se enlaza Un anticuerpo que se enlaza
PCSKS aislada, la cual . conlos arnin:oacidos 165-180 con los aminoacidos 583-603
comprende una porcidén de | de la proteina PCSK9 de la proteina PCSK9
enlace de antigeno de un

i anticuerpo  que se enlaza ' (Pag. 3003, Folumna izquierda,  (Pag. 7101, columna izquierda, !

| IDNO: 1, ! ;

especificamente con  una lineas 28-31
PCSK9, en donde la porcién de
enlace de antigeno se enlaza
con un epitopo dentro del pro- '
dominio de la PCSK9 humana,
dentro o traslapandose con los
aminoacidos 89-134 de la SEQ

lneas 1y 2) !

Los documentos D1 y D2 se consideran el estado de la técnica cercano a la
invencién definida en la reivindicacion 1 porque:

D1 divulga un anticuerpo que se enlaza con los aminoacidos 165-180 del dominio
catalitico de la proteina PCSK9 (Pag. 3003, columna izquierda, lineas 28-31).

La diferencia entre la invencidn, definida en la reivindicacién 3 y el anticuerpo de D1
consiste en que la molécula de la presente solicitud se enlaza con el pro-dominio de
la proteina PCSK9 correspondiente allos aminoacidos 89-134 de 1a SEQ ID NO: 1.
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D2 ensefia un anticuerpo que se enlaza con los aminoacidos 583-603 del dominio
rico en cisteina de la proteina PCSK9 (Pag. 7101, columna izquierda, lineas 1y 2).

La diferencia entre la invencién, definida en la reivindicacion 3 y el anticuerpo de D2
consiste en que la molécula de la presente solicitud se enlaza con el pro-dominio de
la proteina PCSKS correspondiente a los amincacidos 83-134 de la SEQ D NO: 1.

Esta diferencia no parece conceder un efecto técnico inesperado o una ventaja a la
molécula de enlace reclamada en esta solicitud porque no parece presentar una
mayor actividad moduladora de la proteina PCSKS segun lo establecido en la
descripcién.

El problema técnico objetivo de esta solicitud consiste en la necesidad de moleculas
de enlace de PCSK9 alternativas a los ya conocidos en los documentos D1 o D2,

Teniendo en cuenta que los documentos D1y D2 ya divulgaban anticuerpos que se
enlazan con los dominios catalitico y rico en cisteina de la proteina PCSKS, y que es
bien conocido en el arte que el uso de inhibidores de PCSK9, como anticuerpos es
atil para reducir los niveles plasmaticos de colesterol’, Ia persona del oficio
medianamente versada en la materia habria inferido sin mucho esfuerzo de su parte,
identificar otras regiones con alto indice antigénico en la secuencia de la proteina
PCSKQ8 vy utilizar métodos conocidos, como los divulgados en D1 o D2, para obtener
mas moléculas de enlace con la misma actividad.

De manera que la solucion propuesta por esta solicitud en la reivindicacién 3y enlas
reivindicaciones 4 — 46 y 48 — 64, es obvia y no tiene Nivel Inventivo.

10.Conclusién

Los requisitos de Patentabilidad de la presente Solicitud estan afectados asi:

item Documento Reivindicaciones afectadas Requisito que afecta
The Journal of
Clinical .
D1 Investigation 1-46y48-64 N°V|i‘\’,:ﬂg ivel
Vol.116, Pag. 2995-
3005
PNAS, Vol.101 Novedad y Nivel
b2 Paq. 7100-7105 1-46y48-64 Inventivo

En cumplimiento del articulo 45 de la Decision 486 de la Comisidn de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de sesenta (60) dias
contados a partir de la fecha de notificacion de la presente comunicacion. En caso
de no dar respuesta al presente requerimiento, o si a pesar de la respuesta
subsistieran los impedimentos para la concesion, se denegara la patente.

Se invita al solicitante se sirva indicar, si asi lo considera, su renuncia al término
faltante para dar respuesta a este requerimiento y presentarla por escrito

1 8. Rashid, et al. Decreased plasma cholesterol and hypersensitivity to stating in mice lacking
Pcsk9. PNAS, Val. 102, Pag. 5374-5379.
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Notifiquese el presente oficio conforme a‘L lo dispuesto en el numeral 5.2, literal e), del
capitulo quinto del titulo primero de la Circular Unica No. 10 de 2001.

——

R C—
JOSE LUIS SALAZAR LOPEZ

Director de Nuevas Creaciones (C)

El anterior requerimiento fue notificado por fijaciéon en lista, de fecha

+8 SET 200

Eiaborado por; Juan David Mancaleano %ﬁ”’

Revisado por; Consuelo Leguizamén L.
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Research article

Secreted PCSK9 decreases the number
of LDL receptors in hepatocytes and in
livers of parabiotic mice

Thomas A. Lagace,’ David E. Curtis,? Rita Garuti,” Markey C. McNutt,' Sahng Wook Park,!
Heidi B. Prather," Norma N. Anderson,! Y.K. Ho,' Robert E. Hammer,? and Jay D. Horton'4

'Bepartment of Molecutar Genetics, 2Department of Surgery, *Department of Biochemistry, and ‘Oepartment of Internal Medicine.
University of Texas Southwestern Medical Center, Dallas, Texas. USA.

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a member of the proteinase K subfamily of subti-
lases that reduces the number of LDL receptors (LDLRs) in liver through an undefined posttranscriptional
mechanism. We show that purified PCSK9 added to the medium of HepG2 cells reduces the number of cell-
surface LDLRs in a dose- and time-dependent manner. This activity was approximately 10-fold greater for a
gain-of-function mutant, PCSK9(D374Y), that causes hypercholesterolemia. Binding and uptake of PCSK9 were
largely dependent on the presence of LDLRs. Coimmunoprecipitation and ligand blotting studies indicated that
PCSK9 and LDDLR directly associate; both proteins colocalized to late endocytic compartments. Purified PCSK9
had no effect on cell-surface LDLRs in hepatocytes lacking autosomal recessive hypercholesterolemia (ARH}), an
adaptor protein required for endocytosis of the receptor. Transgenic mice overexpressing human PCSK9in liver
secreted large amounts of the protein into plasma, which increased plasma LDL cholesterol concentrations to
levels similar to those of LDLR-knockout mice. To determine whether PCSK9 was active in plasma, transgenic
PCSK9 mice were parabiosed with wild-type littermates. After parabiosis, secreted PCSK9 was transferred to
the circulation of wild-type mice and reduced the number of hepatic LDLRs to nearly undetectable levels, We

conclude that secreted PCSK9 associates with the LDLR and reduces hepatic LDLR protein levels.

Introduction

Proprotein convertase subtilisin/kexin type 9 (PCSK9Y) is a mem-
ber of the proteinase K subfamily of subcilisin-related serine endo-
proteases. Like orher members of this family, the PCSK9 protein
has a signal sequence, followed by a predomain, and a caralytic
domain that contains a conserved triad of residues (D186, H226,
and 5386) required for activiry (1). PCSK9 is synthesized as a
soluble, approximarely 74-kDa precursor chat undergoes intra-
molecular aurocaralytic cleavage in the ER, generating a 14-kDa
prodomain and an approximately 60-kDa catalytic fragment. The
site of intramolecular cleavage (VFAQ|SIP) differs from that of
subtilisin and other family members chat eypically cleave after a
basic residue (2, 3). The cleaved prodomain remains associated
with the caralytic domain, forming a PCSK9-prodomain complex
that is rransported to the Golgi complex, where it undergoes sul-
fation prior to secretion {1, 3).

Insighrs into the physiological funcrion of PCSK9 initially came
from the identification of peint mutations in PCSK? that cause
an aurosomal dominant form of hypercholesterolemia (4). These
murarions were later shown to be gain-of-funcrion alleles thar act
in a dominant fashion (3, 5). PCSK9 was independently identified
as a SREBP-regulated gene in liver, using microarrays hybridized
with RNA from livers of mice that eicher overexpressed or lacked

Nonsrandard abbreviaons used: ARH, awtosomal recessive hypercholesteralemia;
CI-MPR, cation-independent mannose-6-phosphate recepror; LDLR, LDL receptor:
LRP, LDA R-related protem; MEF, mouse embryonic fibroblase; PCSKY, proprotein
convertase subtilisin/kexin tepe 9,

Cenflict of interese: 113 Horron 1= a cansulmant for Alnvlam Pharmaceuricals,
Aegerion Pharmaceuneals Ine, Merabasic, Merck, and Pfizer. and 15 on the Speakers’
Bureaw of Merck, Merck/Schering- Plough Pharmaceutieals. Schening-Plough.

Citation for this article: . Cin. Inersr, 116:2995-3005 (2006). doit10.117 2/1C129383,

The Journal of Clinical Investigation

herp:/fwww erorg

SREBPs (6, 7). SREBPs arc a family of transcription facrors chat
increase the expression of many genes involved in cholesterol and
farry acid synthesis, as well as the LDL receptor (LDLR) gene (6). The
inducrion of PCSKY by SREBPs further suggested chac this protein
was involved in lipid metabolism.

The biclogical activity of PCSK9 was revealed through overex-
pression studies in mice. Overexpression of PCSKS posteranscrip-
tionally reduced the amount of LDLR protein in tiver (3, 8-10).
Confirmacion that PCSKS functions normally to regulate LDLR
protein levels came from loss-of-function studies in humans and
mice. Individuals who are heterozygous for a nonsense mucation
in allele PCSK'9 have significantly lower plasma LDL cholesterol
levels, suggesting char a reducrion in PCSK9 activity leads to an
increase in LDLRs (11). These conclusions were supported by scud-
tes in PCSK9-knockout mice, which revealed thar loss of PCSKS
resulted in increased numbers of LDLRs in hepacocytes, aceeler-
ated plasma LDL clearance, and significancly lower plasma choles-
terol levels (12). In che most recent studies, humans heterozygous
for loss-of-function mutations in PCSK9 were shown to have a
significant reduction in che long-term risk of developing athero-
sclerotic heart disease {13).

The genetic dara from humans and the in vivo studies in mice
demonstrate that one funcrion of PCSK9 is to reduce the number
of the LDLRs and thar rthis function is manifest in humans in the
basal state. The mechanism by which PCSK9 reduces the number
of LDLRs is still undetermined. For example, it is unclear whether
PCSKY acrs o destroy LDLRs 11 the secretory pathway or whether
it acrs ourside of the cell. In the current studies, we provide evi-
dence that exrracellular PCSKY can be internalized by culzured
liver cells and Mbroblasts in a manner rhat is largely dependent on
LDLRs. Incubarion with excracellular PCSK? led to loss of LDLRs
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Pulse-chase analysis of endogenous PCSK9 secretion frem HepG2
cells. Cells were cultured in sterol-depleting medium C for 18 hours
prior to labeling for 30 minutes with [%5S}mathionine/cysteine. After
washing, cells were incubated in chase medium containing unla-
beled methionine and cysteine for the Indicated times. Cells were
lysed, and PCSKS9 was immunoprecipitated from the medium and
cell lysates as described in Methods. Samples were subjectad 1o
8% SDS-PAGE, and the gel was treated with Amplily fluorogenic
reagent prior to drying and exposure {o film. P and C denoie the
proprotein and cleaved forms of PCSK9, respectively. Similar rasuits
ware obtained n 4 ndependant axparments.

from the cell surface and acceleraced desrruction of LDLRs in liver-
derived cells. Finally, we demonstrate that increased PCSK9 levels
in the circularion of mice leads to diminished liver LDLR protein
and increased plasma cholesterol levels.

Results

PCSK9. like ocher subtilisin family proteases. is synthesized with
a prodomain (1. 3). In the ocher subrilisin family proteases, the
cleaved prodomain remains associared wich the protemn and aces
as an inhibtror of the cognate enzyme activity. The prosegment
often undergoes secondary proteolytic processing, which relieves
rhis inhibition and unmasks enzymaric activicy (14). When PCSKY
15 overexpressed in culrured cells, the protein is secreted with the
prodomain scill artached (1, 3). This resulr raised the possibil-

ity thar cellular PCSK9 remains inacrive within the secretory

re quantified by pulse-labeling the cells with [*¥S]methionine/
cysteine, which was followed by a chase period in isorope-free
njedium, Radiolabeled PCSK9 was immunoprecipitated from cells
afd rhe mediam ac different rimes. Figure 1 shows resulics of a rep-
r¢sentacive pulse-chase experiment. Two forms of the protein, cor-
risponding to the uncleaved precursor (~74 kDa) and rhe cleaved
marure caralveic fragment (=60 kDa), were derected in cells ar 0.5
all'ld 1 hour of chase, After 2 hours, none of the labeled uncleaved
ij.CSKQ was derecred in the cells. After 4 hours, nearly all of cthe
r:ldioiabelcd PCSK9 was recovered in the medium, demonstrating
thar the cleaved form of PCSK9 is rapidly and efficiently sectered

om these cells.

We recently reported that PCSK9 can be derected in human
plasma by immunoprecipitation (15). Te quantify the concenrra-
mon and determine the physiological range of PCSK9 in human
}?lasma we developed an ELISA that used an anri-human PCSK9

onaclonal antibady to caprure PCSK9 and a polyclonal anti-

uman PCSKY antibody for detection, Plasma levels of PCSK®
fvere quantified in 72 volunteers. The plasma levels ranged from
#pproximately 50 ro approximarely 600 ng/ml (Supplemental

igure 1; supplemental marerial available online wich this arncle;
Ho1:10.1172/JC129383D81). These measurements Jemonstrate
hat considerabie amounts of PCSK9 circulate in plasma and pro-
Vided a range of physiologically relevant PCSK9 concentrations.
\ We next determined whether the secreted form of PCSKS can
reduce che number of LDLRs when added to the medium of
HepG2 cells cultured in steral-depleted medium to induce LDDLR
rxpre:ssjon. Recombinanc PCSK9 that conrained a FLAG rag ar the
carboxyl terminus was purified fraom HEK 2935 cells as deseribed
an Methods. SDS-PAGE and Coomassie blue staining analysis
showed thar purified FLAG-tagged PCSK9 consisted of the cara-
l\uc fragment and the cleaved prodomain that migrated with
appal ent muolecular masses of approximarely 60 kDa and approx-
ln-ntely 17 kDa, respectively (Supplemental Figure 2A). Gel filera-

pathway and chat PCSK9 may act on LDLRs after scerction, B Ceil surface Whoe-cell extract

eicher ar the cell surface or after the LDLR is intetnalized into P?SKQ ‘“f’;g ? 025 ; Zf’ g 150 g 0;35 ; 213 151 112

the endosomal/lysesomal system. \0a
To tese this possibility, we assessed the rate and extent of l LDLR W8 s oe L J N R e

secrerion of endogenous PCSK9 expressed at physiological lev- o

els in cultured human hepatoma HepG2 cells, This study was | —_—— . —

made possible by the development of antibodies against the PCSKY - v e e A

caralytic domain of PCSKS. Svnthesis and secrerion of PCSK9 ' - - - = -0

I

Figure 2 T{:QZE;‘:“ AW e e o e -

Reduction of endogenous LOLRs in HepG2 cells following the

addition of recombinant purified PCSKY 1o the culture medium, {A) B

Dose respanse of exogenous PCSKa-mediated LDLR degrada- ? Cell surface Whole-cell extract

tion in HepG2 cells. Cells were cultured for 18 hours in medium ¢ PESKe ‘""f&‘rz‘g ‘1’ 02'5 ; f : g '3;" ; 29 1“0

prior to treatment for 4 hours with the indicated amounts of purified KDa

human PCSK9. (B) Tima course of exogencus PCSXS-mediated
LDLR degradation. HepG2 cells cultured as described abave were
treated with 5 pg/ml of purified PCSK9 for the indicated times.
Totak lysates were prepared following cell-surlace biotinylation as
described in Mathods, Proteins were subjected to SDS-PAGE for
immuncblot analysts of the LDLR using 1gG-HL1 and anti~FLAG
M2 monoclonal antibody to detect purified PCSKS. The transferrin
receptor protein was detected as described in Methods and used
as a control for loading and nonspecific protein degradation. Simi-
lar results were obtained in 3 indepandent experiments.
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Increased cell association and LOLR degradation by addition of purified mutant PCSK9{D374Y) to the medium of HepG2 cells. Cells ware

cultured for 18 hours in medium C and then incubaled for 4 hours with

the indicated amounts of purified human PCSKS or PCSK9{D374Y),

Immunoblot analysis of LDLR, FLAG-tagged PCSK9, and transferrin receptor was carried out as describad in the legend to Figure 2. The asterisk
indicates a nonspecific band. Similar results were obtained In 3 Independent experiments,

tion revealed that the protein elutes ar a single peak volume corre-
sponding ro an apparent molecular mass of approximarely 70 kDa
(Supplemenral Figure 2B). After incubation with purified PCSK9,
the surface proteins of HepG2 cells were covalently modified with
a cell-impermeable biotinylation reagent and isolaced using strep-
ravidin beads. The toral celiular LDLRs in whole-cell extracts and
cell-surface LDLRs were measured by SDS-PAGE immunoblotting
using a monoclonal antibody. The total cell PCSKS accumularion
and cell-surface PCSKS were also measured by SDS-PAGE and
immunoblotting, bur wich anti-FLAG antibody.

As shown in Figure 2A, the number of cell-surface LDLRs
declined by approximarely 30% after incubartion with the physi-
ologicaily relevant concentrarion of 0.5 yg/ml PCSK9 (lane 2) and
became nearly underecrable afrer exposure to 2.5 ug/ml PCSK9
{lane 4). Incubation of HepG2 cells for 4 hours with S or 10 ug/ml
PCSKY decreased whole-cell LDLR protein levels by approximarcely
50% (lanes 11 and 12). FLAG-tagged PCSK9 was detecred in whale-
cell excraces in a concentration-dependent manner (lanes 7-12),
but it was not detected among the biotin-labeled cell-surface
proreins (lanes 1-6), suggesting rhat mose of the cell-assaciated
PCSKY had been internalized,

To determine the time course of PCSK9 action, HepG2 cells were
incubated in the presence of 3 ug/ml PCSK9 and chen harvested at
ditferent intervals over a 4-hour period {Figure 2B). The.number
of cell-surface LDLRs declined noticeably at 2 hours (lane 4) and
was undetecrable at 4 hours (lane 3). The amounr of cell-associared
FLAG-tagged PCSK9 was maximal after 30 minures (lane 7) and
deereased slightly ar 4 hours (lane 10). PCSK® had no effecc on
whole-cell or cell-surface transferrin receptors {(Figure 2, A and B),

As discussed in the Introduction, cerrain poine mutations in
PCSK® cause hypercholesterolemia. To determine whether one
such mutarion increases the activicy of PCSK9 in a cell-based
assay, varying amounts of wild-type PCSK9 and rhe PCSK9
mutant D374Y (4) were added ro HepG2 cells, after which LDLR
protein levels were measured (Figure 3). The D374Y mucation was
chosen for study because individuals who harber this murarion
have been shown to manifest severe hypercholesterolemia (16).
PCSKI(D374Y) was at least 10-fold more active than wild-type
PCSKY in reducing cell surface LDLRs. Thus, PCSKH(D374Y) ar
0.25 ng/ml was at least as effective as 2.5 ug/ml of wild-type PCSK9
{compare lanes S and 11). After incubarion wich wild-type PCSK9,
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the number of LDLRs was significantly reduced in whole-cell
extracrs, and similar results were abtained with 10-fold lower con-
centrations of PCSK9{D374Y) (lanes 13-24). Despire the different
cancentrations employed, the amounts of wild-type and mutant
PCSKY measured in che cell extracrs were similar, indicating chac
the murant protein was taken up by the cell approxinarely 10-fold
more efficiencly than the wild-type procein.

To determine whether cellular associationfuptake of PCSK9 is
dependent upan LDLRs, we turned to mouse embryonic fibro-
blasts {(MEFs), to exploit cthe availability of cells from gene knock-
our mice thar lack the LDLR and the closely related receptor, the
LDLR-relaced protein (LRP). MEFs derived from wild-type, Ldlr /|
Lrp+,and Ldlr /~Lyp~ mice were incubated with varying amounts
of PCSKY (Figure 4A). Immunoblots revealed thar abundanc
PCSKY was associared with the wild-type (lanes 1-4) and Lrp~- cells
(lanes 9-12). PCSKY cellular association was markedly reduced in
Ldlr = MEFs (lanes 5-8); however, a small amount of PCSK9 was
detecrable in cells ineubared witch rhe highest concencration of
PCSKY (lane B). This small amount of association was abolished
in celis that lacked both LDLR and LRP (lane 16). These dara sug-
gest that exogenous PCSK9 associates with MEFs in a manner that
15 almosz rorally dependent upan the LDLR and chat LRP may play
asmall role in uprake at high concenrrations of PCSKO.

The uptake of PCSK9 was characterized morpholog:-
cally using indirect immunofiuorescence in MEFs. Double
immunofluorescence labeling of cells incubared wich PCSKY for 4
hours showed diffuse localizarion of the protein in small punctate
strucrures, possibly representing endocyric vesicles, which par-
cially overlapped with the LDLR staining patrern (Figure 4B). To
determine whether these structures were endosomal and whether
PCSKS colocalized incraceliularly with the LDLR, we incubated
MEFs in the presence of chloroquine, which raises the pH of acidic
cellular comparzments and inhibics lysosomal hydrolases. In the
presence of chloroquine, the cation-independent mannose-6-
phosphate receptar (CI-MPR} acciimulaces in late endosomes and
was used as a marker of these strucrures (17). As shown in Figure
4C, PCSK® became concentrared in large perinuclear vacuoles of
MEFs in the presence of chloroquine. These vacuoles were also
labeled with anti-LDLR and and-Cl-MPR antibedies. Cansidered
together, the dara indicate that exogenous PCSK9 is taken up by
fibroblasts in a manner that is dependent upon the LDLR and
Volume 116 Number 11
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A WT tair Lrp™ Lair* Lrp* Figure 4
PCSKO(ugm¥) O OB 1t 2 & 05 ' 2 0no6% 1 2 O 05 1 2 LDLR-dependent endocytosis of PCSKS in MEFs. (A)
tane + 2 3 4 5 8 7 8 ®10 U 92 B 11518 A pmungplot analysis of PCSK9 association with MEFs.
' Immortalized MEFs derived from wild-type, Ldir=, Lrp~-,
PCSK9 € el © 6 J -5 and Ldir-Lrp~~ mice were cultured for 18 hours in medi-
urmn F prior to treatment with purified human PCSK3 for 4
LDLR £y €y e ¥ 1) € 0 “1%  nours. Gell lysates (30 ug) were subjected to SDS-PAGE

LRP (0T 0)8) by bl i

thar che PCSKS travels with the LDLR to the endosome/lvsosome.
Despite this uptake, PCSK9 does not destroy the LDLR in fibro.
blasrs ar the cancentracions tested, exther in the absence or pres.
ence of chloroquine. A similar lack of destruction was observed
earlier when PCSK9 was overexpressed in fibroblasts and Chinese
hamster ovary cells by cransfection (9).

The requirement of LDLRs for PCSK9 inrernalizarion suggests
thiar PCSK® may bind to the LDLR. Moreover, PCSK9{D374Y) was
taken up with higher efficiency than wild-type PCSK9, suggest-
ing rhar the mutanc procein may bind to the LDLR more avidly
than wild-rype PCSK9. To test this possibility, coimmunoprecipi-
ration studies with wild-rype PCSKS or mutant PCSK9{D374Y)
and the LDLR were carried out in HepG2 cells. The cells were
incubared wich wild-type and mutane PCSK9 proreins contain-
ing FLAG cpitope tags. After a 1-hour incubarion in the presence
of chloroquine, cells were solubilized, and exogenously added
PCSK9 was precipitaced with an anti-FLAG antibedy. As shown

in Figure 5A (lanes 1 and 5). the FLAG antibody efficiently pulled
down rhe wild-type and mutant PCSK9 from cell extracts, and che
immunoprecipitation was reduced in the presence of competing,
FLAG ocrapepride (lanes 2 and 6). In cells that were incubared withf
wild-type PCSK9, no detectable LDLR was coimmunoprecipitated
with PCSK9. In contrast, a significant amount of LDLR was pulied
down from cells incubated with PCSK9(D374Y} (lanes 1 and 5);
When the LIDLR antibody was used for che immunnp:'ecipitation:
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j': and immunoblot analysis using IgG-15A6 1o detect PCSKS
or a polyclonal antiserum (Ab 3143} that recognizes the
LDLR, as described in Methods. iImmunobiots of receptor-
associated protein {RAP) were used as a loading cantrol.
(B) Indirect immunofiuorescence localization of PCSK9
and the LDLR in witd-type MEFs, MEFs were incubated
for 4 hours with 5 ug/ml purified human PCSK9 and pro-
cessed for dauble immunofluorescence of PCSKS (gresn)
and the LOLR (red} as described in Methods. (C} Indirect
immunofluorescence localization of PCSK@, LOLR, and
the tate-endosomal marker CI-MPR in MEFs cultured in
the presence of chloroquine, Wild-type MEFs were incu-
bated for 4 hours with 5 pg/ml purified human PCSK9 in
the presance of 8.1 mM chloroguine and processed for
double immunofluorescence of PCSKS {green) and the
LOLR {red} or CI-MPR {(red) as described in Methods, The
merged image shows areas of colocalization of PCSK9 with
the LDLR and CI-MPR. Magnification, x630. Similar resuits
ware obtained in 3 independent experiments.

a small, but consistencly detecrable amounc of wild-type PCSK9
was coimmunoprecipitated. The LDLR antibody pulled down
much larger amounts of PCSK9{D374Y) (lanes 3 and 7},

To determine wherher che interacrion of PCSK9 and the
LDLR was direct. ligand blotting was performed using purified
extracellular domain LDLR protein and PCSK9, First, we decer-
mined the migration of che purified LDLR under reduced and
nonreduced conditions (Figure 5B). Next, we determined whether
PCSK9 could bind ro the extracellular domain of che LDLR in a
specific manner. The reduced and nonreduced LDLR protein was
resolved by SDS-PAGE and rransferred vo nitrocellulose. The fil-
ters were then incubated with 5 pg/ml of purified PCSKY protein,
and bound PCSK9 was visualized using the monoclonal anu-
body 1gG-13A6. As shown in Figure SC, PCSK9 bound te nonre-
duced LDLR protein but not to LDLRs thar had been reduced.
The binding of wild-type PCSK? and PCSK9(ID374Y) 1o increas-
ing amounts of the LDLR prorein was then determined by ligand
blacting {Figure 5D). Both forms of purified PCSK9 bound to
the extracellular domain of the LDLR protein in a concentration.
dependent manner. Consistenr with the coimmunoprecipitarion,
the PCSK®(D374Y) murant appeared 1o bind te the LDLR protein
with a grearer affiniry. Combined, the resulrs of these studies indi-
cate that PCSK9{D374Y) binds to LDLRs with higher affinity than
does wild-type PCSKS9, a finding that correlaces with the enhanced
abiliry of the murant PCSKS to destroy LDLRs.
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In heparocytes, the internalization of LDLRSs is dependent upon
funcrional autesomal recessive hypercholesterolemia (ARH), an
adapror prare:n that binds to the incracellular demain of rhe
LDLR and to elathrin, chereby clustering the recepror in coared
vesicles (18, 19). To determine whecher AR was similarly required
for removal of LDLR from che cell surface, PCSK9 was added to
the medium of primary hepatocytes isolated from 2 types of genet-
ically engineered mice: those thar express only the human LDLR
(LDLR**Arb**) (20) and those that express the human LDLR
and lack ARH (LDLR"*Arl ¢ } (21}, In LDLR**4rk*** hepatocytes,
LDLRs were visualized on the cell surface and in intracellular
vesicles concentrated in the cell periphery (Figure 6A, upper left),
incubation with PCSKY eliminared rhe surface LDLRs, and the
remaining LDLRs were concentrated in perinuclear vesicles {Fig-
ure A, upper right). In LDLRR*Arh~" heparocytes, the LIDLRs were
visualized almost entirely on the cell surface (Figure 6A, lower left),
and PC5KY did not reduce the amoune of surface LDLRs in these
cells (Figure 6A, lower right).

Ta confirm that PCSK9 still associated with the cell in the
absence of ARH, total iysates and cell-surface proreins were isolat-
ed for immuncblor analysis from LDLRY Arb*~ and LDLRW Ark+-
primary heparocyres incubared with increasing concentrations
of PCSK9 (Figure 6B). The level of LDLR protein was reduced
by exogenously added PCSK9 in a dose-dependent manner in
buth whole-cell extracts and on rhe cell surface in hepacocyres
expressing ARH (lanes 1-3 and 9-11). In contrast, incubation of
LDLR:®Arb- hepatocytes with PCSKY did not alter LDLR prorein
levels in cither fraction (lanes 4-6 and 12-14), despite similar lev-
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Figure 5

Assaciation of PCSK® and PCSK9(D374Y) with the LDLR. {A)
Coimmunoprecipitation of the LDL.R and exogenously added
wild-type PCSK9 or PCSK9(D374Y) protain. HepG2 cells were
cultured for 18 hours in medium € prior to treatment for 1 hour in
the presencs of 0.1 mht chiorogquine with 20 pg/mt or 2 pg/ml of
purified human PCSKS or PCSK9(D374Y), respectively. Cells
were harvesied and lysed and proteins immunoprecipitated
with the indicated antibodies. Pellets of the immunoprecipitation
ware subjected to SDS-PAGE and immunoblot analysis.
Polyclonal antiserum (Ab 3143) was used lo detect LDLR,
and IgG-15A6 was used to detect PCSK9. {B) Reduced (R)
or nonreduced (NR) LDLR extracellutar domain protein {2 pg)
was resclved by SDS-PAGE. LOLR proteln was detected with
Coomassie brilliant blue R-250 stain. (C) Binding of PCSKY to
LDLR on ligand blots. LDLR protein {2 ug) was transferred to
nitrocellulose and incubated with 5 pug/ml of purified PCSKS or
no addition (NA). Bound PCSK9 was detected by immunoblot
analysis as described in Methods. {D) The Indicated amounts
of purified LDLR were subjected to nonreduced SDS-PAGE,
transferred 1o nitreceltulose, and incubated with 5 pg/ml of puri-
fied wild-type PCSK9, PCSK9({D374Y), or buffer control (no
additicn). Bound PCSKS was detected by immunoblot analysis
as described in Melhods. pep,, FLAG oclapeplide.

els of PCSKSY cell association {lanes 1-3 and 3-6). In the absence
of ARH, significantly more PCSKY was detected at the cell surface
{lanes 13-14), No PCSK9 was detecred in hepatocyres isolared
from Ldbr mice (lanes 7-8 and 15-16). PCSK9 had no effect on
whole-cell or cell-surface cransferrin receprors in hepatocytes, and
celiular integrity was maintained during cell-surface biotinylarion,
as indicated by a lack of detection of intraceliular actin among
biotin-labeled proteins. These results demonstrare thar PCSK9
can associate with the cell in the absence of ARH but that internal-
ization is required for PCSK9 o reduce the cell-surface expression
of LIDLR protein. They also show that PCSK9 binding is largely
dependent upon LDLR expression in mouse hepatocytes.

To test wherher PCSKY could funcrion as a secrered protein in vivo,
rrangyenic mice that express human PCSK9 in liver (TgPCSK9 mice)
were produced. The rransgene was under the conrrol of an apokE
promorer with a liver-specific enhancer (22). As shown in Figure 7A,
rransgenie overexpression of human PCSK9 climinated LDLR pro-
tein expression in fiver and caused 2 marked increase in plasma LDL
cholesterol levels (Figure 7B). The increase in plasma LDL cholesterol
was similar to that measured in Ldfr# mice thar lacked LDDURs in ail
tissues. The effects of rransgenic PCSKY overexpression are consis-
tent with the resules of previously published experiments in which
adenoviral vecrors were used o overexpress PCSKY in mice (3, 8-10).
The concentration of human PCSK9 in plasma from the rransgenic
mice as measured using the ELISA assay ranged from approximarely
146 to 440 ng/mal (Table 1, animals Ya, 10a, 11a, and 12a).

Although an apoE promorer fragment and a liver-specific
enhancer were used to express the human PCSK9 ¢cDNA in mice,
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PCSK9-mediated degradation of the LDLR is
dependent on ARH. Immunoflucrescence (A) and
immunoblot (B) analyses of the PCSK9-medi-
ated changes of LDLR protein in mouse primary
hepatocyles derived from LDLR"Arh*~ (Arh+*) or
' LDLAMArh-- (Arh~-) mice. (A} Primary hepatocytes
l were incubated with no PCSK9 {-PCSK9} or with
5 ng/m! punfied PCSKS (+PCSKS) for 4 howrs and
procassed for indirect immunofluorescence of LOLR
l using 1gG-C7 and Alexa Fluor 563—conjugated sec-
ondary antibody, as described in Methods. Images
were taken using a 63 x 1.3 objective using a con-
l focal microscopa (Leica TCS SP). Similar results

|
l Figure 6
|

were obtained in 2 independent experiments, (B)
Immunoblot analysis of LOLR, FLAG-tagged PCSK9,
transferrin receptor, and actin proteins in primary
hepatocytes from mice of the indicated genotype
incubated with varying amounts of PCSKB.

|
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the transgene mRNA was decected ar low levels in other tissues,
such as the adrena! gland {dara not shown). This expression com-
promised analysis of the effect of plasma PCSK9 on LDLR protein
expression in these extrahepatic rissues. Therefore, TePCSK9 mice
were parabiosed with wild-rype mice to determine whether secrer-
ed PCSKY derived from che rransgenic mouse was able to decrease
LDLR prarein levels in liver when transferred vaa the shared cireu-
lation to the recipient wild-type mouse. For these studies, a liver
biopsy was perforined 1 week prior to parabiosis to obrain a liver
sample fur quantifying basal levels of LDLR protein exptession.
The mice were allowed ro recover from che parrial hepatecromy
and rhen were parabiosed for 2 weeks ro permit che development

of shared circulation. To conrrol for petential changes induced
by surgery, wild-type mice were parabiosed with wild-rype mice.
TyPCSKY mice manifest elevared plasma LDL cholesterol levels;
thar could independently alter LDLR protein expression in the;
recipient wild-type mouse. To control for this effect, \1'ild-type'i
mice were parabioged with Ldlr © mice, which have lipoprotein’
profiles similar to those of TgPCSK9 mice (Figure 7B).

As shown in Table 1, parabiosis itself slightly increased plasma
roral cholesterol levels in most mouse pairs, Plasma cholesterol
concentrations in wild-type mice parabiosed with Ldlr- micai
{pairs 5-8} were not significantly higher than those measured in

3000

the wild-type mouse parabiotic pairs (pairs 1-4). Concenrrations
of human PCSK9 in parabiotic TgPCSK9:wild-type pairs ranged
from approximately 17 to 250 ug/ml (pairs 9-12), suggesting that
the protein was transferred from the plasma of transgenic mice
into the plasma of the parabiosed wild-type mouse with varying
efficiencies. There also appeared to be a correlation between the
plasma PCSK9 concentration and the degree of plasma cholesterol
elevation of the recipienct wild-type mouse. The wild-type mouse
wirh the highest PCSK9 concentration (mouse 9b) had an approxi-
mately 10-fold increase in plasma total cholesterol, whereas the
witd-ovpe mouse with the lowese PCSKY level (mouse 12b) had an
approximarely 2-fold increase in plasma cholesterol,

To confirm thar the observed plasma cholesterel changes were a
result of alterarions in LIDLR prozem levels, immunoblots of hver
protemn were performed in all parabiotic pairs before and 2 weeks
after parabiesis (Figure 8). LDLR protein levels in livers of wild-
type mice parabiosed with wild-rype mice were not different before
and afrer parabiosis (Figure 8A). Similarly, the LDLR protein levels
in wild-type mice parabiosed with Ldlr  mice were not different
after parabiosis, suggesting that the increased level of LDL choles-
terol present in the knockout mouse did not alter LDLR expres-
sion in the wild-type mouse liver (Figure 88). in conrrase, cthe
LDLR protein was essentially underecrable in livers of wild-rype
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mice after they were parabiosed with TgPCSKY mice (Figure 8C),
indicating that PCSKS was acrive in mouse plasma.

To ensure thar the reduction in LDLR prozein levels measured in
livers of the recipient wild-rype mice parabiosed te the TgPCSK9
mice was due to posteranscriptional changes, mRNA levels of the
LDLR and SREBP-2 were measured using real-time RT-PCR {Sup-
plemencal Table 1). Although individual mRNAs varied in
amount from mouse to mouse, no consistent changes in the
mRNAs encoding rhese genes were measured before and after
parabiosis. Combined. the dara suggested that secreted PCSK9
in plasma of imice reduced hepatic LIDLR protein levels inde-
pendent of changes in mRNA levels.

Discussion

In the current repore, we demonstrate thar endogenous
PCSK9 is rapidly secreted from cells and that secreced PCSKS
destroys LDLRs when added to the medium of cultured
HepG2 cells and mouse primary hepatocytes. The effective
concentration of PCSK9 required to reduce the number of
LDLRs in cultured cells was within the range of plasma con-
centrations measured in human plasma. The cell association
and uptake of PCSK9 occurred via binding to the LDLR,
and both proteins colocalized to a late endocyzic/lysosomal
compartment. The internalization of PCSK9 with the LDLR
inro an endosomal lysosomal comparrment was required for
PCSKS to reduce LDLR protein levels, since this activity was
blecked in the absence of ARH. Finally, we show that PCSK9
was present in plasma of rransgenic mice and that the secret-
ed protein was active in destroying hepatic LDLRs,

Insighrs into che mechanism of secreted PCSK9's action
were derived from scudies in MEFs and mouse hepatocyres,
which showed thar LDLRs were required for the major-
ity of PCSK9 ro associate wich the cell surface (Figure 4A
and Figure 6B). These studies suggested char the LDLR
and PCSKY may directly inreract, which was confirmed by
cormmuncprecipitation and ligand blorring scudies wich
rhe LDLR and PCSK9S (Figure 5). The coimmunoprecipita-
rion studies with PCSK(D374Y) and the LDLR suggested
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Figure 7

Dacreased amounts of hepatic LOLR protein and increased levels of
plasma LDL cholesteral in transgenic PCSKE mice, (A) Whole-cell
lysates (30 pg) from livers of 5 wild-type and 5 TgPCSK9 mice were
subjectad to SDS-PAGE and immunoblot analyses of human PCSKS,
mouse LDLR, and mouse ARH. (B) Plasma from the mice of each
genotype described in A and from 5 age-matched male Ldir™ mice
was pooled and subjected lo gel filtration by fast performance liquid
chromatography. The concentration of total chotesterol in each fraction
was measured as described in Methods.

thar the inreraction of the murtant protein with the LDLR was
much more avid than char of the wild-type PCSK9 (Figure SA). In
addition, PCSK9(D374Y) was approximarcely 10-fold more effi-
cient in destroying cell-surface LIDLRs when added exogenously
to HepG2 cells (Figure 3). Previous overexpression studies in
McArdle-7777 rat hepatoma cells with PCSKH{D374Y) suggested
that the muranr procein increased plasma LDL cholesterol levels
throwugh the everproduction of apoB (5). Similar conclusions were
drawn from in vivo kineric studies in humans that carry a differ-
enc point mutation in PCSKY (S127R) (23). The current studies
with the D374Y inutant sugyest an alternative mechanism that
involves enhanced LDLR associatien and degradation. Whether
the $127R and F216L. point murations in PCSK9 behave in a man-
net similar to PCSKYD374Y) will betested in future studies. Qur
observations that purified PCSK9(D374Y) added to cells reduced
the number of LDLRs extend the results from a publication that
appeared during the preparation of this manuscript demonstrat-
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Table 1
Total ptasma cholesteral and PGSKS congentrations in pre- and post-
parabiotic pairs of witd-type, Ldir, and TgPCSKS (Tg) mice

Parabiotlc  Genotype  Before parabliosis After parablosls
patr Cholesteral Cholesterol  hPLSK9
(mp/di} (mg/dl) {ng/mi)

1a WT 54 79 0
ib WT 60 85 0
2a WT 67 9 0
2b WT 67 60 1]

3a WT 54 85 [

3b WT 42 63 0

4a WT 1 81 0
4b WT 60 71 H

Sa Leflr- 178 288 0
5b WwT 56 76 ¢

fa Lafr- 182 270 ¢
&b WwT 57 64 0

7a Lelr* 175 278 0
7b WT 53 82 0
8a Ldlr- 179 145 0
8b WT 68 101 0

9a Tg 142 365 440
gh WT 70 775 246
10a Tg 132 350 198
10b WT 66 364 148
11a Tg 180 278 146
1ib w1 61 233 80
12a Tg 140 171 184
12b WT 61 131 17
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. analysis, Liver membrane protein (40 pg) obtained
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was subjecled to SDS-PAGE for immunaoblot analy-
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ing that conditioned medium containing PCSKS{D374Y) reduced
the uptake of LDL (24). )

A small amounr of residual PCSK9 binding to LRP was derected
in LDLR-deficient MEPs (Figure 4B), We have previously shown that
hepatic LRP protein levels are not altered by che adenoviral over-
expression of PCSK9 in mice {9), and LRP proten levels were not
signitficantly different in hvers of wild-rype mice parabiosed with the
TgPCSK9 mice (dara not shown). Thus. although a small amounc
of PCSK9 may associate with LRP in vitro, it does not appear to sig-
nificantly regulare LRP prorein levels. The residual LRP-dependent
cellular associarion of PCSKY might be due to the sequence similar-
ity berween LRP and the LDLR. LRP contains 4 copies of the LDLR
extracellular domain with similar charge distribucions and may suf-
ficiently resemble LDLR o support PCSKY binding (25),

Recent studies by Maxwell et al. (26) showed thar overexpres-
ston of PCSKY in HepG2 cells induced the degradation of LDLI
intracellularly in & post-ER compartment. These experiments
also suggested that PCSK9-mediated reduction ut the number of
L.DLRs was notarrribucable to che proteasome or lysosomal eysteine
proteases. [n addition, our previous studies using adenoviral overex-
pression of PCSK9 in mice demonscrated that high levels of PCSKY
expression in liver eliminaced LIDLR protein expression in wild-type
and Arb - mice equally, indicating thar funcrional ARH was nor
required for PCSKY activity (9). This result differs from the data
presenred in Figure 6, which show that funcrional ARH is required
for PCSKY ro destroy LDLRs when added exogenously o primary
hepatocytes. Therefore, it 15 possible that PCSK9 overexpression
may result in the associacion of PCSK9 with the LDLR swichin the
cell and thar this binding leads to intracellular LDLR prorein deg-
radation chrough the parhway described by Maxwell et al., whereas
I'CSK9's acnion at the cell surface 1s mediaced by a distinet mecha-
nism thatis dependent vpon ARH-mediared endocytosis.

Considered together, the availzble data now suggest thar PCSK9 |

can funcrion borh extra- and intraceilularly, bur we do nor know

which pathway predominares under normal and/or pathologic !

conditions. Currently, all studies suggesting char the protein func-
tions intracellularly have been performed using PCSK9 overexpres-
sion via 2 strong CMV promoter. Overexpression may permir asso-
ciation of PC5K9 and the LDLR in an intracellular compartment

- regulatory event also rases the possibilicy that the liver indwrectly

Jop2

.ll.:....

rhar does not accur physiologically, In the current studies, we were
able ro demaonstrate thar physiotogically relevant concentrarions
of PCSKY eould significantly reduce the number of cell-surface
LDLRs when added o HepG2 cells (Figures 2 and 3). Add:tion-
:al studies to derermune the relacive contriburtion of exrracellular
PCSKY in the regulanion of LDILR protein levels witl require decer-
mining whether the infusion of PCSK9 into the circulation of
PCSKS-knockout mice will decrease the number of LDLRs in liver
land raise plasma cholesterol levels,

The resules of che parabiosis studies shown in Figure 8 provide
evidence that PCSK$ can function in plasma to destroy LDLRs
in tiver, The liver is the principal site of PCSKY expression, and

"PCSKY s cranseriprionally regulaced by SREBP-2 (6). SREBP-2 reg-
ulares all genes required for cholesterol synthests, and 1ts actviey is
modulated by cellular sterol levels (6, 27}, If the concenrration of

| PCSK9 1n plasma is primanly determined by che liver, then plasma
PCSKY levels may be a reflection of heparic cholesterol stores, since
PCSKY transcription 1s reduced under conditions where SREBP-2
is suppressed. i, high cellular cholesterol concentratians. Such a

regulares the amount of LDLRs in peripheral cissues by derermin.
ing the amount of PCSK9 secreted inco plasma. It is currendy not
known whether PCSK9 in plasma is capable of destroving LDLRs
in tissues other than liver, This could not be directly addressed in
the current studies, owing to the derection limits of the anti-LDLR
ancibody in rissues other than liver.

The generic dara from humans with loss-of-function mutarions
in PCSAY combined with the studies in knockour mice char lack
PCSKY clearly indicate that inhibirors of the protease would be
of thevapeutic benefit for the rreatment of hypercholesterolemia.
Inasmuch as overexpression of the catalytically inactive form of
PCSKY in muce did not alter LDLR protein levels (9). an inhibi-
tor of PCSKY's protease actwvity in the ER should be sufficient
ro block its ability to reduce LDLR procein levels. If PCSK9 fune-
tions as a secreted factor as suggested by the current data, then
additional approaches to neurralize irs acrivity, including the
development of antibodies to block its interaction with the LDLR
or inhibirors o block ics action in plasma, can be explored for the
treatmenr of hypercholesterolemiz.
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Methods
Cultered coll expersmenis. lepG2. HEK 293 and MEF cells were culrored as
deseribed in Supplemental Methods.

Tessue enlture ntedimem, Medium A contained DMEM (cellgro; Mediatech
Inc.) supplemenzed with 100 U/ml penicillin, 100 ug/ml screptomycin sul-
fate. and 1 g/l glucose. Medium B conrained medium A supplemented with
10% (valfvol) FCS. Medium C contained medium A with 5% (vol/vol) new-
born calf lipoprotein-deficient serum {NCLPDS), 10 pM sodium compac-
tin, and 50 uM sodium mevalonare. Medium D contained DMEM supple-
mented wich 100 U/ml penicillin, 100 yig/ml streptomycin sulfate, and 4.3
g/! glucose. Medium E contained nedium D supplemented with 10% (vol/
vol) FCS. Medium F conrained medium D supplemented wich 5% (vol/vol)
NCLPDS, 10 uM sodium compacrin, and 50 pM sodium mevalonare.

Purification of human wild-type and PCSKS({D374Y)-FLAG fusion proteins. HEK
2935 cells stably expressing FLAG-tagged human PCSK9 or PCSK9([2374)
were cultured in suspension without COy in 1S GRO serum-free madium
{frvine Scientific) supplemented wich 10% FCS, 10 mM r-glutamine,
100 Usml penicillin, and 100 pg/ml strepromycin. PCSKY was purified by
anti-FLAG M2 affinicy gel chromatography from 500 nil of medium per
the manufacturer's instructions. followed by size-exclusion chrematogra-
phy on a Tricorn Superose 6 107300 fase-performance liquid chromarog-
raphy column (Amersham Biosciences). Fracrions containing PCSK9 were
concentrared approximarely 5-fold using a Centricon filter (10 kDa-MW
cut-off: Mlipore). Pratein puriry was monitored by SDS-PAGE and Coo-
massie Brilliant Blue R-250 sraining {Bio-Rad).

Antibodies. For the anri-human PCSKY polyclonal antibody, the human
PCSK9 amino acid sequence was analyzed using Protean software (Lasergene;
[DNASrar) for immunogenic regions, Amino acids 165+180 (RYRADEYQP-
PDGGSLA) and 220-240 (ASKCDSHGTHLAGVYVSGRDAG) were synthe-
sized, conjugated ro keyhale-limper hemocyanin using the Imject Maleimide
Activared nicl(LH kit (Pierce), and rabbits were injected wich a mixeure of the
pepndes (20 pg each) as described previously {28). [gG tfractions from sera
were purified using the ImmunePure (A/A3) 1gG purification kit (Pierce),

Monoclonal antibodies thar recognize human PCSK9 were generated by
fusion af Sp2/mlL-6 {CRL-2016; ATCC) mouse myeloma cells wich splenic
B lymphocyres derived from a female BALB/c mouse injected with puri-
fied human PCSK® prorein (29). The resulring antibodics, 13D3 and 1546,
beleng o [gG subelass 1 and recognize epitopes in the caralytic domain
and the C-terminal region of PCSK9, respectively. Additional anitbodies
used are described in Supplemental Methods.

Immenoblor analysis. Whole-cell lysate protein extracts were subjected to
SDS-PAGE for immunoblot analysis as previously described (9), Biorinyl-
auon of cell-surface proteins of HepG2 cells was performed as previously
descrabed (30). Following buotinylation, whole-celk lysates were prepared.
and prorein concenrracion was determined. An aliquot of the whole-cel)
lysare was reserved, and the remainder was cransferred o a fresh tube con-
raining 50 b of Ulcralink NeatrAvidin Prozein Plus (Pierce) (111 shurry).
After 18 hours of incubarion with rorarion at 4°C, beads were collected by
centrifugarion ar 300 g far § minuces and washed 3 cimes with lysis buffer.
Proteins were elured from the beads by boiling in SDS-PAGE sample buffer
and subjecred o 8% S1DS-PAGE and immunaoblot analysis (9).

PCSKY “sandivich” ELISA. LumiNune Maxisorp white assay plates {Nunc)
were coated with anti-human PCSK$ monoclonal antibody (1gG-13D3)
diluted to § ug/ml in 100 pl of buffer A {20 mM sodium phasphate
pH 7.5, 100 mM sodium chloride} by incubation overnight at 4°C. The
assay plates were then washed wich 350 wl of PBS wich Tween-20, pH 7.4
(PBSt) and blocked with 150 ul of 0.5% BSA in buffer A for 1 hour at room
remperature with shaking.

Sample preparation was carried out in a separate polypropylene microti-
rer sample plare. Standards were prepared in duplicare using dilutions of
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puritied PCSK® proram in buffer A plus 0.5% BSA, Plasma samples were
prepared in triplicare by diluting 6 pl of plasma in 84 pi of huffer A plus
0.5% BSA. Thirty microliters of buffer B (buffer A, 0.5% BSA, 7.2 M urca,
and 0.68% Tween-20) was then added to each well, and che sample plate was
incubared at 46°C for 30 minutes. Aliquots (100 pl) were transferred to the
assay place and incubated for 2 hours ar room temperarure with shaking.
The plate was then washed wich PBSt and incubated for 3 hour az room
temperature with 100 ul of rabbit anri-human PCSK9 polyclonal antibady
(7.5 pg/mlin buffer A plus 0.5% BSA). After washing wich PBSe, 100 ul of
donkey anti-rabbit 1gG plus HRP {GE Healtheare) diluted 1:10,000 was
added for | hour at room cemperature. After a final wash wich PBSt, 100 ul
of SuperSignal ELISA Femeo Substrare (Pierce) was added for 1 minute and
luminescence quantified using a Dynex MLX microrirer place luminomerer
(Dynex Technologies). To decermine plasma PCSK9 concentranons. lumi-
nescence of the sample was compared with that generared in the standard
curve with purified PCSKY. Assay validarion experiments were conducted
in accordance with current bioanalyrical recomniendations {31).

Human plasma was obrained from 72 volunceers (35 men and 37 wormen}
after an overnight fast. Informed consent and biood samples were obtained
for all participating subjects by institutional review board-approved prato-
cols The aye of che individuals ranged from 21 to 56, and nane were taking
lipid-altering medications.

Pulse-chase analysis of PCSK®. HepG2 cells were culrured in medium C,
and the pulse-chase was carried our as previously described (12).
Immunoprecipitation of cell and medium exrracts was performed using
the polyclonal ann-PCSK9 antibady (32). Immunoprecipitates were elur-
ed in SDS sample buffer and subjecced to 3% SDS-PAGE, The gels were
fixed and then immersed for 15 minutes in Amplify fluoragenic reagene
{Amersham Biosciences), dried undervacuum, and exposed ro film.

Comnmznoprecipitation of PCSK9 and the LDLR. HepG2 cells were culrured
tor 18 hours in medium C prior to treatment wich 20 wg/ml or 2 pg/ml of
purified PCSK% or PCSK9(D374Y) for | hour in the presence of 0.1 mM
chlaruquine, Poaled cell pellers from 6 dishes of cells were lysed in 2 ml
of buffer C (20 mM HEPES-KOH at pH 7.4, 150 mM NaCl, 1 mM MgCl;,
and protease inhibirors} containing 1% {wr/val} digitonin. Cebl lysates were
incubated wich 50 ul anci-FLAG M2 agarose (Sigma-Aldrich) to immu-
noprecipitate FLAG-ragged PCSK9 (for competition assays, 0.1 mg/ml of
FLAG ocrapepride was included): [gG-HLI to immunoprecipitate LDLR:
or IgG-2001, 2 mouse maneclonal antibody to an irrelevanc antigen (33).
Immunoprecipitates were washed 3 times with S00 w buffer C containing
0.1% {wr/vol) digitonin, eluzed in SIS sample buffer by boailing for 5 min-
uees, and subjecred to 8% SDS-PAGE.

Ligand blotting, Purified human LDLR extracellular domain (smine acids
1-699} was kindly provided by . Deisenhofer (University of Texas Souch-
western Medical Cenrer) and was desceribed previously (34). LDLR protein
was resolved on nenreducing SDS-PAGE and transferred co nitrocellu-
iose as described (33). LDLR protein was heated for 5 minutes ar 96°C in
sample buffer containing 2.5% (vel/vol) 2-mercaproechanol for reducing
condicions. Blots were blocked for 30 minutes in buffer [ (S0 mM Tris-
Clarplil 7.4, 90 mM NaCl. 2 mM CaCl;, 5% [we/vol] BSA} and incubated
sequentially for 60 minuces with gentle agitarion in baffer [ conraining
purified PCSKS (5 ug/ml). the moneclonal and-PCSKS antibody 1gG-15A6
(5 wg/ml), and HRP-conjugared goat anti-mouse 1gG. PCSK9 and antibody
incubations were followed by washes in buffer E {50 mM Tnis-Cl at pH 7.4,
90 ntM NaCl, 2 mM CaCl,, 0.5% [wr/vol] BSA). Blors were visualized by
immunobloceing as described above,

Immunofluarescence microgeopy. Indirect imimunofluorescence using anti-
bodies chart derect the LDLR, PCSKY, and C1-MPR in MEFs was performed
as follows. MEFs cultured on glass coverslips to 50% confluence were fixed
in 4% {wt/vol) paraformaldehyde in buffer F (PBS conraining 2 mM MgCLy),
Volume 116 Number 11
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quenched with § mM NH,Cl in buffer F, permeabilized in buffer F con-
tamning 4.05% (wr/vol} Tricon N-100 (Pierce) for 10 minures ar - 20°C, and
hlocked for 30 minures in buffer G {(buffer F containing 1% [wt vol] BSA).
For double-label staining, cells were incubared sequendally wich the mono-
cional anti-PCSK? antibody kgG-15A6 (2.5 wgyml), Alexa Fluar -88-conju-
vated goarann-mouse IS (0.6 gy ml), polvelonal LDLR anniserum Ab 4548
11,1000} ar polvctonal CI-MPR [pG (2 wy/ml). and Alexa Flaor 535 -con-
jugarad goar annerabbie [gG (0.6 wgymi). Primaey (16 howrs at 4°C) and
secondary {1 hour at 20°C)Y antibody incubations were followed by rhree
20-minuee washes with buffer G. Coverslips were mounced in VECTASHIELD
Mounong Medium {Vecrar Laboratories), and images wete taken on a Zeiss
confocal mucroscope (model LSMS (0-META). Indirecr immunofluorescence
for the LDLR 1n primary hepatocytes derived from LDLR""4rh*~ and
LDLR? *Arb - muce was carried out as previously desenibed (12,21},

TgPCSKY mice. A c2NA enceding human PCSKY was inserced into a
pLliv-11 vector that containg the consucutive human apak promater and
its hepatic contrel region {a gift from J. Tayler, Gladstone Insoicute of Car-
diovascular Disease, San Francisca, California, USA} {22). Transgenic mice
were generared by injecring lineanzed pLiv-1 L-hPCSK® inco the fertilized
eggs as described previously (28),

Liver bropsy and parabrosis. One week prior to parabiosis, a hiver biopsy was
performed ro obtain a tiver sample for protein analysis. Mice were anesthe-
rized wirh pentobarbitol, hair over the abdomen shaved, and skin cleaned
wich chlorhexidine. A 0.5-cm transverse incision was made in the upper
ahdomen, and a small lobe of the liver (~30-100 mg) was tied off with a
3-Q silk surure and excised. The liver sample was placed i irquid nitro-
gen for storage. The incisian was closed in 2 layers using a 5-0 silk surure
and wound chips During sedation, 50 ul of blood was removed from the
rail vein for plasma cholesterel measurements. The mice were allowed to
recover from chis surgery before the parabiasis was performed,

For parabiosis, mice were surgically joined following a previousty
published pracocol (36). wirh shight modificarions. Macching skin inc:-
sions were made from the shoulder to the hip joint of each mouse, and
a 10-mm incision was made in the muscles of the abdominal wall. The
muscular incisions were joined using a 5-0 silk sarure. The scapulae

. Seidah, N.G., et al. 2003, The secretory praprorein S Park, 5% Moon, Y.
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were artached by a 2-0 silk sucure, and the skin was approximated using
-.-.sound clips and 5-0 silk surure.

lTh ree genetically distiner groups of female mice were studied: wild-type
mice jomned wich wild-type mice; Ldly * mice joined with wild-type mice;
apd TaMCSK9 mice joined wich wild-rype mice. Shared circulation was
cpnfirmed by injecting Evans blue into one of the parabionc pairs prior
tp study. Mice were killed by isoflurane overdose 2 weeks ateer parabiosis,
ntld blood and liver were harvested for analvsis. Animal experiments were
dpproved by the [nsatutional Annal Care and Research Advisony Com-
ffiittee ar che Universiy of Texas Sourhwestern Medical Center

Acknowledgments
'hns work was supported by grants from the Perot Family Foun-
darmn and the NIH (HL- 20948 and HL-38049). T'A. Lagace is
upported by a fellowship from che Natural Sciences and Engi-
eering Research Council of Canada. DLE. Curtis is supported
y the UT Southwestern Physician Scientist Training Program.
The authars wish to thank David W, Russell, Helen H. Hobbs,
jonathan Cohen, Joseph L. Goldsrein. and Michael S. Brown for
kritical reading of the manuscript. Scott Clark, Amy Cox, Tuyet
Dang, Linda Donnelly, Richard Gibson, Anh Pho, and Judy San-
chez provided excellent rechnical assistance.

Received for publication June 14, 2006, and accepred 1n revised
ifo:'m August 1,2006.

Address correspondence ro: fay D. Horton, Departments of Molec-
ular Genetics and Internzl Medicine, University of Texas Souch-
western Medical Center at Dallas, 5323 Harry Hines Blvd., Room
L5-238, Dallas, Texas 75390-9046, USA. Phone: (214) 648-9677;
Fax: (214) 648-8804: E-mail: jay.horron@ursouthwestern.edu,

Sahng Wook Park’s present address is: Kwandong Universiry
College of Medicine, Department of Biochemistry, Kangneuny,
Republic of Korea.

-A., and Horron, [.D. 2004,
Havon ef low densicy hpo-

1986. Mannose-6-phosphate receprors for lyso.
somal enzymes cvele berween che Golyn complex

{NARC-1Y liver regeneracion and neuronal diffec-

prote:n recepror proteth by proprotemn comertase

and endesomes.} Cell Binl 103 1235-724°,

enuanion. P Netl Awd So U5 A 100:928-913, subrilisinkextn oepe @ mouse lver, L Bl Ghen 18 Garua, C.K., et al 2001 Auconomal recessive
2 Waure kiene 5., et 4l 2003 Funcnonal character 279 50630-30638 nvperchelesteraiem:a caused by muraons ima
izanon of Nase 1, a aovel proteinase related o pro- 10 Lalanne F,ecal 2005 '\\'lld ovpe POSKY inhibics putanive LEL recepror adapeoer protemn. Scrence
tenase K Arch Biochen Biophys 420.55-67 LDL clearance but do s not atfec apoB-contam- 292 1.394-1391
3. Benaanner. b et al. 2004, NARC- 1, PCSKY and 1os g Lpuproten p 'vrudu wn i mouse and cultured 19 He, G oeral 2002 ARH s a moduiar adaptor pro-
natural murants: gymogen cleavage and efteces on celis. ] Lipd Res 4611 3 2-1119. teint thao interaces with the LDL receptor. clachrin,
the low density lipoprotein (LDL) receptor and 11, Cohen, | etal 2005, Loge LDL cholesteral i individ - and AP-2.] b, Chem 277 4404443049
LDL cholesterel. ). Brol Chen 279-388635-48875 uals of Afncan descent fesulting from frequenr nen- 20. Kneutf, C., Mallov, 5., Wilder. )., Alrenburg, MK,
4. Abifadel. M., et al. 2J03. Mutations in PCSK9 cause sense mucanons in PCYRY. Nue. Gemer. 37:161-185, and Maeda, N. 2001. Doubhng expression of the
aurpsomal deminane hypercholesteralemia. Nar 12. Rashid, 5., et al. 2005. Decreased phsma cholester- low densiry lipoprotein recepror by rruncation of the
Genet. 34:154-156. ol and hyper-.um.l[m to stating 1n mice lacking 3-unrranslated region sequence amehoraces eype 11
3.5un, X.-M,, et al. 20035, Evidence for effect of Pesk9. Proc. Nl Amdlkﬂ U 5 A 102:5374-5379. hyperlipoproteinemiain mice expressing the human
mugant PCSKS on apolipeprocein B secretion as 13.Cohen, ).C,, Boerwinkle, E., Moseley, T.H,, and apoe2 1soform. {. Bisl. Chewr. 276:3856-3862.
the cause of unusually severe dominant hypercho- Hobbs, H. H, 2006, St‘.{quence variations in PCSK9, 21. Jones, C., ec al, 2003. Normal sortung bur defecnive
lesteralaemia. Hinn. Mel, Genet. 14:1161-1169. low LDL, and protection against coronary hearr endocytosis of the low density lipoprotein recepror
6. Horron, J.D.. er al 2003, Combined analysis of oh- disease. N. Engl | Med)354:1264-1272. in mice wich aurosomal recessive hypercholesterol-
wonucleotide microarray dara from transgenic and 14. Basak, A. 2005, lnhnk‘xmrﬁ of proprotein conver ermua ] Biol. Chens 278:29024-29030.
kneckour e idenrifies direce SREBP targer genes. rases. J. Mol Med. 83:884-855. 22. Sumonet, WS, Buvay, N, Lauer S.J. and Tayler,
Prog Narl Acd sa U S A4 100:12027-1 2032 1§ Zhav, Z,, et al 2006. Nlolecular character.zanon of JML 1993, A far-downstream hepatocytespeciftc
7 Maxwell KN Soceio, RE. Duncan, EM Sehavek, ‘ess-of-funcoion muthnions in PCSKY and 1denci- conteol region direces expression of che lmkfd
E., and Breslow, L. 2003, Newel purative SREBP fivaaon of a compoupd hecerozygowe, dw [ Him hutman apohpoprotein E and €-[ genes i trans-
and LXR target genes idenufied by microarray Lener 795142523 genie nuce. ] Biol, Chem. 268:8211-8229.
anitlvsis in Lver of cholescerolfed mice. j. Leptd Res 16. Nacumova, R.P. et ’Jl 2005, severe hypeicholes- 23 Ouguerram, K., et al. 2004, Apolipeprotein B100
44:2109-2119. teralemsa i four Bn{uh famlies with che D37 4Y mecabohsm i aucesomal-deminant hvpercholes-
8 Maxweld, RN, and Breslow, J.L 2004, Adenaviral- muganon in the PCSKY gene: lony-term feliow-up terolemia related o mutanons in PCSKY. Artero-
medtated expressian of Pesk? 1 muce resules in a and treanment respohse. Arternscler. Thromb Ve scler. Thromir Vase Biod 24:1448-1453.
low -density lipoprotein receptor knockoue pheno- Bl 25:2654- 2660, 24. Cameren, ], et al. 2006, Effect of mutanions in che
cvpe. Proc. Narl Acad. Ser. U, 8. 4. 101:7100-7108 17. Trown, W.),, Geodhpuse, |, and Farqubar, M G. PCSKY gene on the cell surface LDL receprors.
3004 The Journal of Clinical Investigation h:rpj,"uwwl.p:.urg Volume 116 Number 11 Navember 2006




ONAS _~ .~

Adenoviral-mediated expression of Pcsk9 in mice
results in a low-density lipoprotein receptor

knockout phenotype
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Proprotein convertase subtifisin kexin 9 (P¢sk9) is a subtilisin serine
protease with a putative role in cholesterol metabolism, Pcsk9
expression is down-regulated by dietary cholesterol, and muta-
tions in Pesk9 have been associated with a form of autosomal
dominant hypercholesterolemia. Yo study the function of Pesk® in
mice, an adenovirus constitutively expressing murine Pesk9 {Pesk-
Ad) was used. Pcsk9 overexpression in wild-type mice caused a
2-fold increase in plasma total cholesterol and a S-fold increase in
non-high-density lipoprotein (HDL) cholestero!, with no increase in
HDL cholesterol, as compared with mice infected with a control
adenovirus. Fast protein liquid chromatography analysis showed
that the increase in non-HDL cholesterc! was due 1o an increase in
low-density lipoprotein (LDL) cholesterol. This effect appeared to
depend on the LDL receptor (LDLR) because LDLR knockout mice
infected with P¢sk9-Ad had no change in plasma cholesterol levels
as compared with knockout mice infacted with a control adeno-
virus. Furthermore, whereas overexpression of Pesk9 had no effect
on LDLR mRNA levels, there was a near absence of LDLR protein in
animals overexpressing Pcsk9. These results were confirmed in
vitro by the demonstration that transfection of Pcsk? in McA-
RH7777 tells caused a reduction in LDLR protein and LDL binding.
In summary, these resuits indicate that overexpression of Pcsk9
interferes with LDLR-mediated LDE cholesterol uptake. Because
Pcskd and LDLR are coordinately regulated by cholesterol, Peskd
may be involved in a novel mechanism to modulate LDLR function
by an alternative pathway than classic cholesterol inhibition of
sterol regulatory element binding protein-mediated transcription.

tetary cholesterol raises plasma low-density lipoprotein

(I.DL) cholesterol levels, but the response varies consider-
ably umong individuals, presumably on a geneltic basis (1-3). In
astudy (4) designed to identify genes involved in dietary-cholesterol
responsiveness. mice were fed low versus high-cholesterol diets and
liver gene-expression profiling was performed. We found that 37
genes were consistently down-regulated by dietary cholesterol
and that 32 genes were up-regulated. The down-regulated genes
included many genes thut were involved in cholesterol bivsyn-
thests and transport as well as genes of unknown function. One
of the latler genes was proprotein convertase subtilisin kexin 9
(Pesk9), a member of the subtilisin serine protease family (3).
This gene had also been cloned by Seidah ef al. (6} as neural
apoptosis-regulated convertase 1 (Narc-1) and was hypothesized
originally to play a role in liver regeneration and neuronal
differentiation.

The mammalian subtilisin family contains nine members,
including Pesk9. Seven members are proprotein convertases,
whose protease activities activate a wide variety of serum
proteins, prohormones. receptors, and zymogens (7, 8). These
prateins have the highest similarity to the kexin subfamily
of bacterial/yeast subtilisin proteases and cleave after basic
residues in the consensus (K.RWX)o(K.R} | . wheren = 0, 2.
4. 0r 6 (9). The cighth member of the subtilisin family is the
site-1 protease (S1P), whose protease aclivily aclivates sieroi
regulatory element binding proteins (SREBPs) and brain-
derived neurotrophic factor (10, 11). S1P shows highest sim-
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ilarity to the pyrolysin subfamily of bacterial subtilisin pro-
feuses (6) and cleaves after nonbasic residucs in the consensus
(K.RYX)x(L.T) | (9). PeskS. whose function is unknown, is
distinet from these family members because it is most similar
1o the proteinase K subfamily of bacterial subtilisin proteases.
As for S1P, Pcsk® does not cleave after basic residues (12), but
its consensus cleavage site has not been defined. Pesk9 requires
activation by intramolecular self-cleavage (12), and two dif-
ferent intramolecular cleavage sites have been reporied:
(Y.DVV{V.LYLM)L (6) and LVFAQ ] (12). The natural
substrates of Pesk9. other than itself, are currently unknown.

Regulation of Pesk9 by dietary cholesterol suggests that it
may play an important role in cholesterol metabolism. This
idea is supportled by the observation that missense mutations
in Pcsk® are associated with a form of autosomal dominant
hyperchalesterolemia (ADH) referred to as Hehola3 (OMIM
603776; hittp:/ /www.nebinlm.nih.gov/omim) (13, 14). ADH is
characterized clinically by highly clevated total and LDL cho-
lesterol levels and is accompanied by cholesterol deposition in
tissues and premature atherosclerosis (15). The most common
form of ADH is [amilial hypercholesierolernia and is caused by
mutations in the LDL recepror (LDLR) {16). which is respon-
sible for clearing LDL from plasma. Another form of ADH is
familial defective apolipoprotein B-100 (apoB). which is caused
by structural mutations in apoB that preciude LDL binding to
the LDLR (17). Hchola3 is a disease found in ADH famities not
linked to the LDLR or apoB loc (18, 19). Hchola3 has been
linked to PeskY missense mutations in two French families and
one Utah kindred (S127R, F216L, and D374Y, respectively) (13,
14}, and il has been suggested that they act as either gain-of-
function or dominant-negative mutations. However, neither the
precise mechanisms of these mutations nor the role of Pesk9 in
cholesterol metabgolism is currently understond.

To begin to elucidate the role of Pcsk9 in cholesierol metab-
olism. we performed /o vivo studies by using an adenovirus
constitutively expressing the C37BL/6 mouse form of Pesk9.
These studies demonstrate an clevation of plasma 1L.LDL choles-
terel levels coincident with the disappearance of hepatic LDLR
protein, mimicking the phenotype observed in LDLR-delicient
mice. Thus, Pesk9 appears 1o play a major role in the regulation
of LDLR-mediated LDL removal from plasma.

Methods

Materials. To create antibodies specific for Pesk9. the murine
Pcsk9 primary umino acid sequence was analyzed with PROTEAN
software (DNAS1ar. Madison, W1) 1o identify regions with high
antigenic index. The amino acid sequences of 1wo positions,

Ahbreviations: ADH, autosemal dominant hypercholestarolemia; Ril, 1,1 -dloctadecy!-
3,3,3',3 tetramethyl-indocarbocyanine perchlorate; FPLC, fast protein liquid chromatog-
raphy; HDL, high-density lipaprotein; LDL, low-dansity lipoprotein; LDLR, LOL receptor;
pfu, plague-forming un™; Paskd, proprotein converiase subtilisin kexin 9; SREBP, sterol
regulatory element binding protein,
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amino acids 500-520 and 583-603 of the CS57BL/6 mouse form
of Pcsk9 (GenBank accession no. AY273821). were submitied 1o
Bethyl Laboratories {Montgomery, TX), where corresponding
peptides were made and used to immunize two rabbits cach. The
resulting affinity purified antibodics were tested extensively in
cells overexpressing Pesk9 by transient transfection or infection.
The antibodies consistently recognized two bands at ~76 kDa
and 62 kDa, corresponding to the precursor and processed forms
of Pcsk9; binding could be blocked by coincubation of the
antibodies with the immunogenic peptides (data not shown).
Antibodies to the murine LDLR cytoplasmic tail {Ab3143) were
a generous gift from Joachim Herz (University of Texas South-
western Medical Center, Dallas). Antibodies to y-tubulin were
obtained from Sigma. McA-RH7777 cells were obtained from
the American Type Culture Collection (CRL-1601), and stan-
dard cell culture reagents were obtained from Gibeo. Human
LDL labeled with 1.1'-dioctadecyl-3,3.3" 3'-tetramethyl-
indocarbocyanine perchlorate (Dil-LDDL) was obtained from
Biomedical Technologies (Stoughton, MA). Unlabeled human
LDL was obtained from Calbiochem, and lipoprotein-deficient
serum was made by ultracentrifugation by standard techniques.

Construction of Adenovirus and Plasmids Expressing Pesk9. The
Pcsk® sequence used in this study {GenBank accession no.
AY273821) was cloned by RT-PCR from C57BL/6 mouse Liver
a5 described (4) and aligns exactly fo the public mouse genome.
It contains the Asp-202-His-242-Ser-402 catalytic triad and the
Axn-333 oxyanion hole characteristic of subtilisin proteases. The
Pesk® ORF was inserted into the pAd3-CMV-NpA shuttling
veclor. Recombinant adenoviral particles containing Lthe Pesk9
ORF under the control of a constitutive CMV promoter were
created by Viraquest (North Liberty, TA). These viruses are
referred to as Pesk9-Ad. Upon infection of multiple ditferent cell
lines. Pesk9-Ad produced the expected 76-kDu precursor and
62-kDa processed forms by Western blotting (data not shown),
A control adenovirus. referred 10 as “Ad emply.” was obtained
from Viraquest. For transfection experiments, the Pcsk® ORF
was cloned into the expression vector pcDNAJ by standard
techniques (PeskY-pcDNAY and the empty vector was used as a
control. The Pesk9 catalytic mutant, Pesk9(S402A). was mude by
site-directed mutagenesis using the QuikChange kit (Strat-
agene). All constructs were sequence verified.

Animals and in Vive Delivery of Recombinant Adenovirus. Wiid-type
C57BL/t male mice (stock no. 00664 and LDLR knnckout mice
on the C37BL/6 background (B6.12987-Ldlr tmlHer, stock
number D02207) were purchased from The Juckson Laboratory,
Animals were housed in a humidity- and temperuture-controlled
room with a 12:12 h dark/light cycle and maintained on standard
laboratory chow. For adenovirus injections, animals were anes-
thetized with Nembutal and injected through the tail vein with
L x 1U¥ pluque-forming units (pfu), 3 x 10 pfu. 1 > 10 pfu, or
3« 107 pfu of adenovirus in PBS per mouse. At 4 days after
injection, animals were {asted for 5 h and anesthetized with
ketamine and xylazine before blood and tissue collection. All l
animal protocols were approved by The Rockefeller University

Animal Care and Use Commitiee,

Plasma, Liver, and Gallbladder Bile Analysis. Bloud was collected by
left ventricular puncture and plasma isolated by centrifugation.
To separate high-density lipoprotein (HDL) and non-HDL
plasma fractions, plasma was mixed 1:1 with KBr at a density of’
1.12 g/ml and centrifuged at 40,000 rpm for 18 h. To obtain
lipoprotein profiles, plasma was subjected to fast protein liquid
chromatography (FPLC). Cholesterol in total plasma and frac-;
tions was measured by enzymatic assay (Roche). Triglycerides in
toral plasma and fractions were measured by enzymatic assay
{Roche). Liver tissue was excised and frozen immediately in

Maxwell and Bresiow

Ilquid nitrogen, Liver total, free, and esterified cholesterol (mg/g
liver ) were measured by gas chromatography with coprostanol as
dn internal standard as described (20Y. Gallbladder bile was
isolated and analyzed for cholesterol, phospholipids. and bile
cids by enzymatic assay (Roche, Sigma).

Quantitative RT-PCR. Quantitative RT-PCR was performed as
escribed (4). Briefly, liver tissue in RNAlater was homogenized
n TRIzol reagent (Invitrogen), and total RNA was isolated
ceording to the manufacturer’s instructions, Total RNA was
then subjected to RNeasy clean-up (Qiugen, Valencia, CA) und
ireated with DNase I (Ambion, Austin, TX), and 5 ug of total
RNA was reverse-transcribed by using Superscript 1T (Invitro-
gen) and a mixture of oligo{dT) and random hexamer primers.
Each sample was amplified in duplicate for the genes of interest
jand a housekceping gene, eyclophilin A. on an 7700 Sequence
Detection System (Applicd Biosystems) by using the quencher
‘dye TAMRA as a passive reference. Primers and probes for
quantitative RT-PCR were obtained from Applied Biosystems,
and the sequences were s follows: LDLR. 5’GGATGGCTAT-
ACCTACCCCTCAA (forward) and S'CGGCTCTCCCG-
GCTO (reverse): and probe, 6FAM-TCAGCCTGGAGGAC-
GATOTGGCA-TAMRA. Pesk® und cyclophilin A sequences
have been reported (4. 21). The threshold was set jn the linear
range of normalized fluorescence. and a threshold cycle (C,) was
measured in each well: data were analyzed as in ref. 21,

Western Blotting. Proteins were isolated from cells or wiousc liver

" by humogenization in RIPA buffer (50 mM Tris. pH 7.4/150

mM NaCl/l mM EDTA/0.1% SDS/1% Triton X-100/1%
deoxycholate). Crude extracts were centrifuged at 16,000 X ¢ for
10 min to pellet cellular debris and nuclei. Protein concentration
was measured by the BCA assay (Pierce), and 10-40 ug of
protein was ¢lectrophoresed for Western blotting. The following
dilutions werc used: anti-Pesk9-583. 1:3,000; anti-LDLR.
1:1.00Ck and anti- y-tubulin, 1:10,000. Band intensilies were mea-
sured by using IMAGT PRD PLUS.

LDL Binding Studies. McA-RH7777 cells were plated at a density
of 2 % 10% cells and transfected 6-8 h later with 100 ng of plasmid
DNA in Lipofectumine Plus {Invitragen). After 36 h, cells were
washed two times in ice-cold PBS and thea treated with 10 ug/m)
Dil-LDL without or with 200 pg/m! unlabeled LDL in medium
containing lipoprotein-deficient serum for 2 h at 4°C. Cells were
then washed three times in rapid succession in Tris-buffered
saline (TBS)/2 mg/ml BSA. one time in TBS/BSA for 2 min. and
finally two times in TBS. Cell lysates were made in R1PA buffer,
and celi-associated (luorescence was measured in a microplate
reader, Dil-LDL fluorescence was corrected for cellular protein.
Specific binding was calculated by subtracting the normalized
Dil-LDL fiuorescence in the presence of excess unlabeled 1.DL
from flrorescenee in its absence,

Results

Cloning of Pcsk9 and Construction of Adenovirus. The mouse
C37BL:6 Pesk® ORF sequence identical to that found in the
public genome database was used to ¢create adenovirus particles
cxpressing Peskd. The PeskY adenovirus (Pesk9-Ad) wasinjected
inte CS7BL/6 male mice through the tail vein at concentrutions
of 1 % 10% 10 3 % 10° pfu per mouse and compared with mice
injected with PBS alone or | x 10¥ pfu of a control empty
adenovirus (Ad empty). As shown in Fig. 14. the livers of mice
injected with PBS or Ad empty have no immunoreactive Pesk?,
However. injection of increasing concentrations of Pesk9-Ad
produced increasing amounts of both the pro and processed
forms ol Pcsk9. Because processing of Pesk9 is an intramolecular
event {12), the presence of the processed form in these mice
indicates that the adenovirus expresses catalytically active Pesk9,

PNAS | Mayd4,2004 | wvol 101 | no.18 | 7101
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Fig. 1. Adenoviral-mediated expression of Pcsk9. (4} Male C57BL/6 mice of
=10 weeks of age that were fed a chow dlet were injected through the tail
vein with PBS (lanas 1 and 2}, Ad empty {lanes 3 and 4), or an adenovirus
censtitutively expressing the murine CS7BL/8 Pcsk9 ORF under the control of
a CMV promoter (Pcsk9-Ad, lanes 5-12). Pesk9-Ad was injected at increasing
concentrations from 1 x 108 pfu per mouse to 3 X 109 pfu per mause {lanes
5-12}. As a control, McA-RH7777 cells were infected with Pcsk9-Ad at an moi
of 2,000 {lane 13) {8) Male LDLR knockout mice on a C57BL/6 background of
=10 weeks of age that were fed a chow diet were injected through the tail
veinwith Ad empty {lanes 1-5) or increasing concentrations of Pesk9-Ad {lanes
6-10} in both cases, liver homogenaies were immunoblotted with an anti-
body to Pcsk9 and y-tubulin.

Adencviral-Mediated Expression of Pc¢sk® Increases Plasma LDL Cho-
lesterol Levels, The effect of adenoviral-mediated Pesk9 expres-
sion on plasma cholesterol levels was determined as shown in
Fig. 24. Injection of PeskS-Ad into CS57BL/6 mice resulted in
elevated plasma total cholesterol levels compared with injection
of Ad empty (147 = 17mg/dlvs. 72 = 6 mg/dl, P = 0.0003), This
chunge was due to an increuse in plasma non-HDL cholesterol
levels (86 = 14 mg/dl vs. 16 = 3 mg/dl, £ = 0.0002), with no
change in HDL cholesterol (56 = 2 mg/dl vs. 51 = 2 mg/dt, no
significant difference). There was also an increase in plasma
triglveerides (91 = 25 mg/dl vs. 47 = 2 mg/dl, P = 0.03). The
distribution of cholestero! in FPLC-separated lipoprotein frac-
tions is shown in Fig. 2B. The increase in non-HDL cholesterol
in Pcsk9-Ad-injected mice was shown to be due to a specific
increase in LDL cholesterol. with little or no change in choles-
terol in very-tow-density lipoprotein or chylomicrons. The in-
crease in triglycerides was also found to be in the LDL fractions
(data not shown).

The Pesk9-Ad-tnduced Increase in Plasma LDL Cholestercl Depends on
the LDLR. Similar to what was observed in C57BL/6 mice, the
livers of LDLR knockoul mice injected with Ad empty had no
immunoreactive Pesk®, and injection of increasing concentra-
tions of PeskS-Ad produced increasing amounts of hoth the pro
and processed forms of Pesk9 (Fig. 18). Although LDLR
knockout mice had higher levels of total cholesterol, non-HDL
cholesterol and triglycerides than wild-1ype mice. no significant
differences in these lipid levels were observed between Pesk9-Ad
and Ad emply-injected LDLR knockout mice (202 = 26 mg/dl
vs. 205 = 27 mg/dl, no significant dilference; 135 = 19 mg/dl vs,
145 = 23 mg/dl. no significant difference: 96 = 20 mg/dl vs. §9 =
23 mg/d}, no significant difference) (Fig. 2C). The distribution
of cholesterol in FPLC separated lipoprotein fractions is shown
in Fig. 2D. The increases in non-HDL cholesterol in Pesk9-Ad-
imected, Ad empty-injected, and uninjected LDLR knockoul
mice were all due to a specific increase in LDL cholesterol. The
increases in triglveerides were also found to be in the LDL
fractions (data not shown).
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Pcsk9-Ad Injection Results in the Absence of Liver LDLR Protein with
Normal mRNA Levels. The effects of Pesk9 overexpression on liver
LDLR mRNA and protein levels were examined. As shown in
Fig. 3, there was no significant change in LDLR mRNA lovels
despite a large increase in Pesk9 mRNA Jevels in Pesk9-Ad vs.
Ad empty-injected mice. Effects on LDLR protein levels were
determined by Wesiern blotting with an antibody to the LDLR
cytoplasmic tail as shown in Fig. 3B. Wildtype C57BL/6 mice
have a band at =160 kDa, which is absent in LDLR knockout
mice. This band is virtually absent in Pesk9-Ad-injected mice,
whereas it is unuaffected in Ad empty-injected mice.

Pcsk9-Ad Injection Does Not Alter Hepatic Cholesterol Levels or
Gallbiadder Bile Composition, The effects of Pesk9-Ad on other
physiological measures related to cholesterol metabolism were
studied. As shown in Tuble 1, there were no differences m hepatic
total, free, or csterified cholesterol between Pesk9-Ad and Ad
empty-injected mice. There were also no differences in gallbladder
bile concentrations of cholesterol, bile acids, or phospholipids.

Overexpression of Pcsk9 in Rat Hepatoma Cells Leads to a Decrease in
LDLR Protein and a Corresponding Decrease in LDL Binding. To
investigate the cffects of overexpression of Pesk9 fn vitro, McA-
RH7777 ral hepatoma cells were transiently transfected with
emply vector, wild-type Pesk?, and a catalytically inactive mutant
Pesk9(S402A). As shown in Fig. 44. the catalytic mutant shows
only the pro form of PeskY. as expected (12). Overexpression of
wild-type Pesk9 caused o 729 decrease in LDLR protein,
whereas overexpression of catalvtically inactive Pesk® caused u
15%¢ decrease in LDLR protein (Fig. 44). Furthermore, over-
expression of wild-type Pesk9 caused a 32% decrease in the
binding of Dil-LDL. whereas overexpression of catalytically
inactive PcskY caused a 15% decrease in the hindng of Dil-LDL.,
These observations support the hypothesis thal overexpression
of Pesk® increases plasma choelesterol levels in mice by interfer-
ing with LDLR.-mediated LDL uptake.

Discussion

To determine how Pesk9 affects cholesterol metabolism, we in-
jected an adenovirus constitutively expressing murine Pesk9 into
C37BL/6 male mice. Injection of Pesk9-Ad in mice resulied in an
increase in total cholesterol because of a specific increase in LDL
cholesterol. Injections into LDLR knockout mice revealed that the
Pcsk9-induced increase in LDL cholesterol depended on the
LDLR. Furthermore, wild-type mice injected with Pesk9 had a near
absence of liver LDLR protein with normal levels of mRNA.
Transient transfection of Pesk® into McA-RH7777 rat hepatoma
cells resulted in decreased LDL binding proportional to decreased
LDLR protein, supporting the f» vive results.

The phenotype of mice injected with the Pesk9 adenovirus is
nearly identical to that of LDLR knockout mice. Homozygous
LDLR knockout mice fed a normal chow diet, with no detectable
LLDLR protein, have etevated plusma total cholesterol levels with
a major increase in LDL cholestero! and a minor increase in
very-low-density lipoprotein (22). as is seen in Pesk9-Ad-injected
mice, [t is also noteworthy that the increase in plasma triglyc-
erides in both LDLR knockout and Pesk9-Ad-injected mice is in
the LDL fractions. Other characteristics of LDLR knockout
mice include normal hepatie cholesterol levels (23) and gall-
bladder bile composition (E. Sehayek and I.L.B.. unpublished
data) and these characteristics are seen also in Pesk9-Ad-
injected mice. Thus, PeskY appears to affect LDLR function
specifically rather than have a global effect on hepatic choles-
terol metabolism.

The demonstration that Pesk9-Ad-mediated overexpression
resulls in the disappearance of LDLR protein without evidence
of accumulation of immature forms and without alteration of
steady-state mRNA levels indicates a defect in LDLR synthesis

Maxweli and Breslow
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Overexprassion of Peskd increases LDL cholesterol levels in an LDLR—de‘ endent manner, (&) Plasma was isolated from wild-type male C57BL/6 mice

injected with Ad empty and Pesk®-Ad, and HDL and nan-HDL plasma fractions were separated by ultracentrifugation. Cholesterol levels in these fractions were
measured by enzymatic assay, Overexpression of PcskS caused an increase in tot4| and non-HDL cholesterot with no change in HDL cholesterol levals. (B) Plasma
was pooled from at least two wild-type animals (C57 WT), animals injected with Ad empty, and animals injected with Pcsk9-Ad; plasma was fractionated by FPLC
and cholesterol was measured by enzymatic assay. Two runs of PcskS-Ad-injec{ed mice are shown to demonstrate reproducibility. Wild-type mice and mice
injected with Ad empty had mainly HDL-derived cholesterol (fractions 52-62), Mige injected with Pesk9-Ad had simitar levels of HDL-derived and very-low-density
lipoprotein-derived cholesterol, but they had high levels of LDL-derived cholestaral {fractions 35-50}, (O LDLR knockout mice were injected with Ad empty and
Pesk9-Ad. LDLR knockout mice injected with Ad empty had elevated total chblestcrol and non-HDL cholesterol with no change in HOL cholesterol tevels
Qverexpression of Pesk? did not cause a further increase in total or non-HDL chdlesterol levets in LDLR knockouwt mice. (D) FPLC analysis demonstrated that the
lipoprotein profile of LOLR knockout mice injected with Pcskd-Ad was indistipguishatile from that of uninjected LOLR knockout mice (LOLRKO) and LDLR
knockout mice injected with Ad ematy.

JONIASL

ur degradation rather than a defect in transcription, glycosyla-
tion. or trafficking. Very little is known aboul the posttranserip-
tional regulation of LDLR synthesis. but some literature exists
about the regulation of LDLR degradation. Pulse [abeling of
human fibroblasts indicated that the half-life of LDLRs was
greatly decreased by cycloheximide, suggesting protein-
mediated LDLR degradation (24). The site and mechanism of

blasts with lysosomal inhibitors did not alter LDLR degradation
in the absence of LDL. but paradoxically, it increased degrada-
tion in the presence of LDL (25, 26). Incubation of CHO cells
with profcosome inhibitors did not affect degradation of wild-
type LDDLRs, bul it prevented degradation of class IT LDLR
mutants {27). A mechanism of LDLR degradation wus reported
recently by Begg e ol (28). who showed that phorbol ester
[43-phorbol 12-myristate 13-acetate (PMA)] treatment of

degradation was not determined, Treatment of human fibro- l

HepG2 cells caused the release of a soluble 14(0-kDa LDLR into
the medium. Proteolytic release of soluble counter purts of
receptors is a common phenomenon (29) and has been shown for
other members of the LDLR family, including LRP1. VLDLR,
and apeER?2 (30, 31}. I is iniriguing to speculate that Pcsk9 may
proteolytically cleave the LDLR, releasing soluble LDLR and
preventing LDLR-mediated LDL uptake. Alternatively, Pcsk9
protease or another activity may degrade the LDLR by another
mechanism. It is important to note that any effects of PeskY
could be made directly on the LDLR or on proteins that interact
with the LDLR,

Both missense Pesk9 mutations in the human discase Heholu3
and Pcsh®-Ad-mediated overexpression in mice resull in ele-
valed [LDL cholesterol levels. Several explanations are possible
for this paradox. In Heholad, if the missense mutations result in
a gain of function. this hypothesis would be supported by our

Table 1. Liver cholesterol and gallbladder bile compaosition in mice overexpressing Pesk9

Liver Gallbladder bile
4
T
Total Free Cholesteral Cholesterol, Bile acids,
Virus cholesterol cholesterol ester mg/dl mM Phospholipids, mg/d!
Ad empty 311 =072 2.49 = 0.66 0.81 = 0.3:! 62,3 + 204 130.9 = 54.% 1,430 = 4086
PeskS-Ad 3.12= 0.6 242 %019 0.74 = 0.1? 53.8= 109 140.7 = 219 1.254 = 182
Liver ¢cholesterol is given as milligrams of cholesteral per gram of liver we’ght.
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Flg. 3. Overexpression of Peskd results in an absence of LDLR protein with
normal LDLR mRNA levels. (4) The levels of LDLR mRNA in livers of mice
injected with Ad empty and Pesk9-Ad was measured by quantitative RT-PCR.
Overexspression of Pesk9 did not change the levels of LDLR mRNA. (8) The levels
of LDLR protein in livers of mice injected with Ad empty and Pesk9-Ad were
detected by immunobiotting with an antibady specific to the munne LDLR
cytoplasmc taif. Wild-type C57BL/6 mice {lanes 1 and 2) had a predominant
LOLR hand at ~160 kDa; this band was absent in LDLR knockeut mice {ianes 3
and 4). Mice injected with Ad empty had normal levels of LDLR protein (fanes
5-7), whereas mice injected with Pcsk9-Ad had a complete absence of LOLR
protein (lanes 8-10).

results. All of the missense mutations are of residucs conserved
between human and mouse, sugpesting functional importance.
However, because none of the missense mutations arce at the
prodomain cleavage site or the catalytic triad {13, 14), it is not
obvious how they might affect function either positively or
negatively. Second, it is possible that a loss-of-[unction mutation
and overexpression of Pesk9 could result in the same phenotype.
This phenomenon could occur if LDLR [unction depends on an
optimal amount of Pesk9 and either deficiency or excess inhibits
function, as is seen with the LDLR-related protein (LRP) and
the receptor-associated protein (RAP). In RAP knockouts,
hepatic LRP protein is diminished and shows decreased physi-
ological function (32, 33), whereas adenoviral-mediated RAP
overexpression also results in decreased physiological function of
LRP {34, 35). Third, it is possible that human Pcsk9 (hPesk9) and
mouse Pesk9 (mPesk9) have opposite effects on LDLR function.
In this regard, human and mouse Pesk9 are only 77% identical
at the amino acid level. Some of these differcnces may be
funcrionally important. (i} hPcsk9 has a lysine at the processing
site reported in Seidah ef of. (6). whereas mPesk® has a methi-
onine; (§i) hPesk9 has the sequence RGE after the catalylic site
where mPesk® has the potential integrin binding site, RGD (26);
(i1} hPesk9 contains a domain similar to the prokaryotic lipopro-
tein lipid attachment site whereas mPesk9 dogs not (37); and ({v)
hPecsk® and mPeskd have muitiple differences in putative PKC.
CK2, and cAMP phosphorylation sites (37).
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Fig. 4. Overexpression of Pcskd in witro results in a decrease in LDLR protein
and LDL binding. (A) McA-RH?777 cells were transiently transfected with
CDNA empty vector{lane 1), wild-type Pesk9-pcDNA (lane 2), and the mutant
Pesk3(5402A)-pcDNA {lane 3}. Overexpression of wild-type Pcsk9 resufted in a
12% decrease in LDLR protein, whereas overexpression of catalytically inactive
PeskD caused a 15% decrease in LDLR protein. (B} Specific binding of Dil-LBL
was measured in transiently transfected McA-RH7777 cells Overexpression of
wild-type Pcsk9 resulted in a 52% decrease in Dil-LDL binding, whereas
overexpression of catalytically inactive Pesk9 resulted in a 15% decrease in
Dit-LDL binding. Data shown are representative of three independent
experiments.

il Pcsk9 is a physiological inhibitor of LDLR activity. then it
is peculiar that both genes are coordinately regulated by cho-
lesterol at the transcriptional fevel through the SREBPs {4, 38).
Howcever, it is possible thut the function of Pesk9 is to modulate
LDLR activity by a mechanism that is more rapid than termi-
nation of SREBP-mediated transcription of LDLR. This process
might be analogous to the regulation of HMG CoA reductase
{HMGR), in which termination of activity is achieved by both
proteasomal degradation and termination of SREBP-mediated
transcription (38). Interestingly, Insig-1, which mediates the
proteasomal degradation of HMGR (39), is regulated coordi-
nately with HMGR by means of the SREBPs (40).

In conclusion, overexpression of Pesk9 diminishes LDLR
protein and function with no change in LDLR mRNA levels,
causing an LDLR knockout phenotype in mice. Thus, Pesk% may
induce LDLR degradation and modulate LDLR activity in a
moré rapid manner than is achieved by sterol inhibition of
SREBP-mediated transcription. The molecular mechanism of
Pesk® action on the LDLR and the relationship of the observa-
tions reported herein to Hebolad remain o be determined.

We thank Daniel Teupser and Christian Wolfrum for assistance with
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Rothblat. Sandy Siman. Ravmond Soccio. and Markus Stoffel for uscful
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Medical Sciemisl Training Program Grant GMO7739 (10 K.N.M) and
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to statins in mice lacking Pcsk9
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PCSKY encodes proprotein convertase subtilisin/kexin type 9a
(PCSK9), a member of the proteinase K subfamily of subtilases.
Missense mutations in PCSK2 cause an autosomal dominant form
of hypercholesterclemia in humans, likely due to & gain-of-func-
tion mechanism because overexpression of either WT or mutant
PCSK9 reduces hepatic LDL receptor protein (LDLR) in mice. Here,
we show that livers of knockout mice lacking PCSK9 manifest
increased LDLR protein but not mRNA. In¢reased LDLR protein led
to increased clearance of cireulating lipoproteins and decreased
plasma cholesteral levels (46 mg/d} in Pcsk3™/~ mice versus 96
mg/dl in WT mice). Statins, a class of drugs that inhibit cholesterol
synthesis, increase expression of sterol regulatory element-bind-
ing protein-2 (SREBP-2), a transcription factor that activates both
the Lalr and PcskS genes. Statin administration to Pesk9=/~ mice
produced an exaggerated increase in LDLRs in liver and enhanced
LDL clearance from plasma. These data demanstrate that PCSK$
regulates the amount of LDLR protein in liver and suggest that
inhibitors of PCSK9 may act synergistically with statins to enhance
LDLRs and reduce plasma cholesterol.

low-density lipoprotein receptor | lipoproteins | proteinase | sterol
regulatory element-binding protein

he activity of the low-density lipoprotein receptor (LDLR) in

liver is the major determinant of plasma LDL cholesterol
concentrations (1, 2). Transcription of the LDLR is regulated by
sterol regulatory element-binding protein-2 (SREBP-2). one of
three SREBP family members that regulate the expression of many
enzymes involved in cholestero and fatty acid synthesis (3, 4). When
hepatocellular sterols are low, SR EBP-2 is activated, which restores
chalesterol to normal levels by simultaneously activating enzymes
required for de nove cholesterol synthesis and by increasing cho-
lestero] uptake from the plasma through enhanced expression of
the LDLR (3).

Recent studies supgest that hepatic LDLRs also may be post-
ranscriptionally regulated by proprotein convertase subtilisin/
kexin type 9a (PCSK9) (3~7). PCSK$ belongs 1o the proteinase K
sublamily of subtilases, which are proteinases synthesized as sohuble
Zymogens that subsequently undergo autocatalytic cleavage to
active enzymes (8). Pesk9 was identified as an SR EBP-regulated
gene in liver by using oligenucleotide arrays hybridized with RNA
from livers of mice that either overexpressed or lacked SREBRPs (4,
9). Prsk9 was regulated in a manner similar to other SR EBP-
responsive genes involved in lipid homeostusis, suggesting that
PCSKY might also participate in lipid metabolism,

This suggestion was confirmed by the finding that missensc
mutations in PCSK? arc associated with an autosomnal dominant
form of hypercholesterolemia (10-12). The clinical phenotype of
these subjects is indistinguishable from two other autosomal dom-
inant forms of hypercholesterolemia, bolh of which are caused by
defective receptor-mediated clearance of LDL: (f) [amilial hyper-
cholesternlemia, which is eaused by mutations in the LDLR: and (i)
familial defective apolipoprotein B (apoB), caused by mutations in
the ligand for the LDLR (13). This similarity raised the possibility
that PCSK9 somehow lowers the amount or activity of LDLRs in
liver,

5374-5379 | PNAS | April12,2005 | vol 102 | no.1S

This hypothesis was supported by the finding that overexpression
of mutant forms of PCSKY in mice significantly reduced LDLR
protein in liver and raised plasma LDL (5-7). Overexpression of
WT PCSK® reduced hepatic LDLRs to a similar extent as expres-
sion of PCSK9 mutant forms {7). These studies suggested that
PCSK9S might function normally to reduce LDLR expression levels
in liver. If this hypothesis is correct, then the elimination of PCSK9
through targeted disruption of its gene should lead 1o an increase
it LDLRs and a decrease in plasma LDL. To test this hypothesis,
we deleted Pesk? in mice and characterized the effects on choles-
terol melabolism.

Materials and Methods

DNA munipulations were performed by using standard molecular
biology techniques (14). Cholesteral and triglyceride concentra-
tions in plasma and liver were measured as described (15). Plasma
lipoprotein [ractions were separated by FPLC gel filtration by using
a Superose & column. Measurements of cholesterol concentrations
¢luted from the FPLC fractions and Coomassie staining of plasma
lipoproteins were performed as described (16). Protein concentra-
tions were determined by using the BCA Protein Assay Reagent
(Pierce). Other reagents were oblained {from Sigma-Aldrich.

Construction of Targeting Vector for Disruption of Peskd. Mouse
Pesk9 was distupted by using a gene-replacement vector that
delefed the 3' half of exon 2 through intron 4. Details of the
gene-targeting vector construction are available upon request.

ES Cell Culture for Disruption of Peskg. Passage 11 SM-1 ES cells were
electroporated with the Pesk? targeting veotor as desenbed (17).
Reconibined clones were identified by PCR using primers Pl
(5'-GCT TCT GAG GCG GAA AGA ACC AGC-3") from the 3’
coding region of the neo gene and P2 (5'-TCA TCA TCC AAT
GGG TGG GCCTGA AG-3") from the promoter of Posk® located
cutside of the targeting vector. The targeted allele produced a
L.1-kb PCR product. Targeted clones were confirmed by Southern
blot analysis using a 0.35-kb DNA probe from the Pcsk® promoter
region {Fig. 8. which is published as supporiing information on the
PNAS web site).

Generation of Peskd Knockout Mice. Two targeted ES clones with &
disrupted Pesk? allele were injecled separately into C57BL/6)
blastocysts, yielding chimeric males whose coat color {agon)
indicated a contribution of ES cells from 75% to 100%. Three
chimeric males derived from cach clone subsequently produced
offspring that harbored the disrupted Pesk? allele, Mice carrying

Abbreviations: ARH, autosomal recessive hypercholesterolemia; Ape, apolipoprotein;
LDLR, low-density lipoproteln receptor; LRP, LOLA-related protein; PCSKS, propratein
convertase subtilisin, kexin type 9a; SREBP, sterol regulatory element-binding protein;
RAP, recepior-assecialed protein; VLDL, very low-density lipoprotein; HRL, high-density
Hlpoprotein,

§To whorm correspondence should be addressed at: Departments of Malecular Geneties and
Internal Medidne, University of Texas Southwestern Medical Center, 5323 Harry Hines
Boulevard, Room L5-238, Dallas, TX 75390-9046. €-mail; jay.horton@utsouthwestern.edu.
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the disrupted allele were identified by Southern blotting or by PCR
(Fig. 8).

Mice were housed in colony cages and maintained on a 12-h
light/12-h dark cycle. fed Teklad Mouse/Rat Dict 7002 from
Harlan Teklad Premier Luboratory Dicts, and killed at the end of
the dark cycle. All animal experiments were performed with the
approval of the Institutional Animal Care and Research Advisory
Committee at the University of Texas Southwestern Medical
Center.

Real-Time RT-PCR. Total RNA was prepared from mouse livers by
using an RINA STAT-60 kit (Tel-Test, Friendswood, TX). The
primers for real-time PCR and details of PCR conditions were as
described (17-19).

Antibadies and Immuneoblot Analysis. The murine PCSK9 amino acid
sequence was analyzed by using PROTEAN software (DNASTAR.
Mudison, WI), and two segments {amino acids 163-188 and amino
acids 220-240) predicted to be immunogenic were synthesized by
the Protein Chemistry Technology Center at the University of
Texas Southwestern Medical Center. Peptides were conjugated to
KLH by using the Tmject Maleimide Activated meKLH Kit
(Picree), and rubbits were immunized with 4 mixture of the peptides
(20 g each) as described {15). IgG fractions [rom preimmune and
immune sera were purified by using the Immunopure {A/G) 1¢G
purification kit (Pierce). The resulting antibody detected two
pruteins corresponding 10 proprotein (=76 kDa) and cleaved (=62
k) forms of PCSKY. Polyclonal untibodies directed ugainst the
mouse LDLR. LDL receptor-related protein (LRP), receptor-
assoctated protein (RAP). autosomal recessive hypercholesterol-
emia {ARH), SREBP-1, and SREBP-2 were as described (7).

For immunoblot analysis, membranes (10° X g pellet} and
nuclear extracts were prepared from mouse liver as described (15,
19), For whole-cell lysates, equal portions of liver were homoge-
mized in buffer A (20 mM TrissHCl, pH 7.4/0.25 M sucrose /50 mM
KCl/2 mM MgCla/ 1 mM sodium EDTA/supplemented with L mM
phenylmethanesulfonyl fluoride/1 mM 1,10-phenanthroline /50
ug/mlleupeptin/t pg/ml pepstatin A/0.5 ug/ml aprotinin/25 pgim!
N-acetylleucylleucylnorlencinal ). The homogenate was centrifuged
af 107 % g for 15 < to pellet cellular debris. Protein concentrations
were measured in the supernatunt. and equal aliquots of protein
were mixed with an equal volume of bulfer B (62.5 mM Tris-HCl,
pH 6.8/8 M urea/15% SDS (wtivol)/10% glveeral (volival)/ 100
mM DTT) and heated for 5 min at 95°C.

Samples were subjected 10 SDS/PAGE as described (15, 19).
Immunohblot analyses were performed by using either a horseradish
peroxiduse-conjugated anti-rabbit sccondary antibody from donkey
{Amersham Pharmacia Biosciences) and SuperSignal West Pico
Chemiluminescent Substrate System (Pierce), or a '*l-labeled
secondary anti-rabbir antibody from donkey (Amersham Pharma-
cia Biosciences) (15).

Immunohistechemistry. Indircct immunofluorescence using anti-
budies against LDLR in livers of WT, Ldlr—, and Pesk9™~ mice
was carried out as described (20).

Plasma Clearance of {"*(ILDL. Mouse LDL {density 1.019-1063
g/ml) was prepared from the pooled plasma of 70 Ldlr™'= mice by
sequential ultracentrifugation and radiolabeled with sodium =1
(16). Clearance of '*1-Jabeled apoB (apoB48 plus apoB3100) from
plasma of WT and Pesk9~'~ mice was measured at the indicated
times by isopropanal precipitation (16, 17).

ApoB Secretion from Primary Hepatocytes. Hepatocvtes were iso-
lated as described (7) and euftured in Methionine /Cysteine-free
IDMEM (Sigma) supplemented with 547 lipoprotein-deficient new-
born catf serum. 4 mM L-glulamine. 10 units/ml penicillin G
sodium. and 100 pg/mi streptomyein sulfate {medium A) for 2 h.

Rashud at al.

Table 1. Phenotypic comparison of wild-type and Pcsk§—'~ mice

rameter WT Pesk9- -
jo. of mice 4 4
ody weight, g 255 106 300 2 16
Liver cholesterol, mg/g 2.20 = 0.16 2.00 = 0.02
Yiver TG, mg/g 9.2=-06 7.2 =07
Blasma cholesterol, mg/dl 95.7 £ 94 46.3 = 1.9~
ﬁlasma TG, mg/dl 70.0 = 14 85.8 = 7.5

i Male mice {12-13 weeks of age) were fed a rodent chow and killed

ionfasted, Each value represents the mean = SEM. ¢, A level of statistical
ignificance (Student's t test) of 7 < 0.01 between WT and Pesk3~'" mice.
G, triglycerides. Similar results were obtained from four independent
xperiments.

he hepatocyies were pulse-labeled with 250 pCi/ml (1 Ci =
7 GBy) [**S]Methionine/Cysteine (Redivue PRO-MIX [#5),
Amersham Pharmacia Biosciences) in medium A without
ferum for 30 min. Thereafter. hepatocytes were washed twice
yith PBS. and the medium was changed to DMEM supple-
nented with 10 mM L-methionine, 10 mM L-cysteine, 54
ipoprotein-deficient newborn call serum. 100 units/ml peni-
illin G sodium, and 100 pg/ml streptomyein sulfate. The cells
ere incubated for the indicated times, after which the medium
nd cells were harvested as described (7).
ApoB48 and apoB100 were immunoprecipitated and separated
n a 4% SDS/PAGE gel (7). The gels were dried and exposed to
1 PhosplrorImager plate, and the resulting signals were quantified
by using a PhosphorImager Molecular Dynamics Storm 820 system
Amersham Pharmacia Biosciences). ApoB secreted fram the
hepatocytes was calculated as the percentage of apoB initially
synthesized during the pulse-labeling period.

Diet Studies. Mice were fed ad libitum a cereal-buscd powdered diet
(Teklad Mousc /Rat Diet 7001) or the powdered diet supplemented
‘with 0.26% (wi/wt) lovastatin (Merck & Co.) for 7 days,

Results

[The strategy used to disrupt Pesk9 in mice is shown in Fig. 8. A
Flargeting vector containing the neamycin-resistance gene was used
o replace the C-terminal half of exon 2. exon 3, and exon 4.
‘Northern blotting and immunoblot analysis confirmed that this
‘deletion eliminated detectable PCSK9 mRNA and protein (Fig, 8).

Matings between Pesk?™~ mice produced offspring in the ex-
pected Mendehan 1:2:1 ratio. Pesk9™~ mice were normal in
appearance, Body and liver weights were not significantly different
from litlermate WT mice (Table 1}. No significant differences were
found when the hepatic cholesterol and trigiyceride concentrations
were compared with WT littermates. Plasma cholesterol levels in
‘the Pcsk9™ ~ mice were 48% lower than those of WT mice. despite
similar levels of plasma triglycerides,

Lipoproteins from pooled plasma of 16 WT and 16 Pesk¥
male mice were isolated by ultrucentrifugation and fractionated
by FPLC (Fig. 11). Normal mouse plasma contains very little
rupoB-containing lipoproteins [very low-density lipoprotein
“(VLDL) or LDL]: the majority of circulating cholesterol in mice

, is associated with high-density lipoprotein (HDL). In plasma

from Pesk9~'= mice. the level of LDL cholesterol was even
further reduced so that it was nearly undetectable. The level of
HDIL. cholesterol was reduced by ~30%. Mouse HDL contains

apoE, which allows it to bind to LDLRs. Fig. 1B shows the
protein composition of the lipoprotein fractions resolved by
FPLC. As expected from the reduction in LDL cholesterol. the
plasma level of apoB109 was clearly lower in the Pes&9™ ™ mice
and the tevel of apoB4R was also diminished. There also was a
marked reduction in the apoE content of VLDL and HDL
fracttons.
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Fig. 1. FPLC profites and SDS/PAGE of plasma apolipoproteins from WT and
Pcsk9~'~ mice. (A) Plasma from 16 WT and 16 Pcsk9*/~ mate mice was pooled
{6 5 ml for each genotype) and subjected to ultracentrifugation at o = 1.215
a/mi. The lipoprotein fractions were separated by FPLC gel filtration, and the
cholesterol content af each fraction was measured (16). (8) 5DS/PAGE of
plasma apolipoproteins fram WT and Pcskg~/~ mice. Equal aliquots {0.5 mi)
from three consecutive FPLC fractions were pooled and delipidated, and
apoproteins were precipitated (16), Apoproteins were subjected to 3-15%
gradient SDS/PAGE and stained with Coomassie blue. The positions of migra-
tion of apoB100, apoB48§, apok, and apoAl are indicated.

The reduction in apoE- and apoB-containing lipoproteins sug-
gested that less VLDL was secreted from liver or else these particles
were cleared faster from the circulation in the Pesk9~'~ mice. The
major route of clearance of apoE- and apoB-containing lipopro-
teins is by means of LDLR-mediated endocytosis in the liver (2),
Fig. 2 shows the levels of LDLR and other proteins in pooled livers
from four Pesk® "~ and four WT littermate controls as determined
by immunoblotting. As expected. no PCSK9 protein was detected
in the livers of Pesk9~"" mice when a polyclonal antibody directed
against the mousc protein was vsed for immunoblotting (Fig, 2.4).
The level of hepatic LDLR protein was =2.8-fold higher in the
Pesk9™ ~ mice than in the WT mice as determined by densitometric
scanning of the autoradiogram. No changes were found in the
amount of LRP. a member of the LDLR family (21). and ARH. an
adaptor protein involved in hepatic LDLR internalization (20), or
in SKREBP-1 ar SREBP-2. the transcriptional regulators of the Ldlr
and lipid biosynthetic enzymes (Fig. 28). Similarly, no changes in
protein levels were measured for the VLDL receptor, another
member of the LDLR family, or scavenger receptor class B type |
(SR-BI). a receptor involved in HDL clearance {data not shown).

To determine whether the increase in LDLR was secondary to
an increase in the level of mRNA encoding the LDLR, we
measured the leve] by quantitative RT-PCR. We [ound no changes
in the mRNAs encoding the LDLR or several other proteins
invelved in cholesterol and fatty acid biosynthesis (see Table 3,
which is published as supporting information on the PNAS
web site).

Indirect immunofluorescence confocal microscopy was used 10
confirm the increase in LDLRs on the surface of the hepatocytes
from Pesk9~/~ mice (Fig. 3). The specificity of the polyclonal
anti-LDLR antibody was confirmed by the absence of staining in a
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Fig. 2. Levels of proteins in livers of WT and Pcsk$/~ mice. Livers fram mice
described in Table 1 were pooled, and aliquots of membrane protein {40 nq),
whole cell lysate (30 ng), or nuclear proten (30 ug) were subjected to
SDS/PAGE (7). (A) Immunoblat analyses of PCSKS, ARH (whole cell lysate),
LOLR, LRP, and RaP (membrane fraction). P and C for PCSK9 denote the
proprotein and cleaved forms of PCSK9, respectively. (B) Immunobiot analysis
of SREBP-1, SREBP-2 {membrane and nuclear fractions), and cAMP response
element binding protein (CREB) {nuclear fraction). P and N denote the pre-
cursor and cieaved nuclear forms of SREBP-1 and SREBP-2. Similar results were
obtained in four independent experiments.

liver of an Ldfr~'~ mouse (Fig. 34) (22). A marked increase in
staining for the LDLR was observed in hepatocytes from Pesk9~'~
mice compared with those from WT mice (compare Fig. 3B and C).

To measure the rate of LDL clearance from plasina, we isolated
LDL from the blood of Ldir~~ mice and labeled its apoB with 121,
Radiolabeled LDL was injected into two different proups of WT
and Pesk9~'~ mice (six mice in ¢ach group). The first group was
used to measure the rate of disappearance of '**I.labeled LDL
during the first 30 min afier injection (Fig. 44), and the second
group was uscd to measure the rate of LDL clearance at longer time
peints (Fig. 48). The time required for clearance of ~50% of the
1351-LDL was 12 min in Pesk9~/~ mice and >60 min in WT mice.
We attribute this 5-fold increase in '%I-LDL clearance to the
=3.fold increase in hepatic LDLRs in Pesk9~'~ mice.

We next delermined whether the absence of Pesk? altered the
rate of apoB secretion from primary heputocytes derived from WT
and Pesk9™'~ mice. For this purpose, freshly isolated hepatocytes
were incubated with [*S]methionine/cysteine. After a 30-min
labeling period. the medium was switched to medium containing
cold methionine/cysteine. ApoB100 and apoB48 were immuno-
precipitated from cells and medium after 1or 2 b, and the amount
of labeled apeB was quantified by SDS/PAGE autoradiography.
The deletion of Pesh® was associated with a slight reduction in the
secretion of apoB48 (Fig. 3). ApoB100 secretion was not signifi-
cantly different in hepalocytes from WT or Pesk9™" mice.
Whether this reduction is duc to a presecretory mechanism that
degrades apoB or to recapture of scereted apoB owing to higher
levels of .LDLR. protein expression in hepatocytes {rom Pesk9—'-
mice could not be determined in these experiments.

The SREBP-mediated up-regulation of PCSK9 creates a poten-
tial prablem for therapy with 3-hydroxy-3-methylglutaryl CoA
(HMG-CoA) reductase inhibitors like lovastatin and other statins,
These inhibitors block cholesterol synthesis and thereby cause an
increase in cleaved SREBP-2. Nuclear SREBP-2 enhances the
transcripiion of the LDLR gene. leading to increased LDLRs and
a fall in plasma LDL. The elevated nuclear SREBP-2 also increases
the mRNA f{or PCSKS. and this resull would lead 10 a reduction in
LDLR protein. If this scenario is correet, lovastatin showld increase
LDLRs te 4 greater extent in Pesk9™/~ mice than in WT mice.

To test this hypothesis, WT and knockout mice were fed normal
chow or chow supplemented with 0.2% lovastatin. Table 2 contains
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Fig. 3.

pooled data from three independent experiments. Addition of 0.2%
lovastatin to chow did not significanily reduce the mean plasma
cholesterol in WT mice (71 mg/dl versus 81 mg/dl). As observed
previously, the Pesk¥™ "~ mice maintained on chow had a plasma
cholesterol level that was significantly lower than WT mice (51
mg,/dl versus $1 mg:dh. Addition of Iovastatin 1o the dier of
knockout mice resulted in the plasma cholesterol level failing o 41
mg/dl: this value was signilicantly less than those measured in
Pesk®™~ mice fed chow. Plasma triglycerides were signilicantly
reduced in mice from both genotypes fed lovastatin,

Anmnalysis of hepatic gene expression revealed that feeding the
lovastatin-containing diet to WT and Pesk9~/~ mice resulted in
increases in SREBP-2 mRNA levels and a corresponding increase
in all measured SREBP target pene mRNA levels, including those
encoding 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase,
PCSK9. and LDLR {(Table 4. which is published as supporting
information on the PNAS web site). The fold-increase of choles-
terol biosynthetic gene mRNAs in livers of lovastatin-treated
Fesk9™'" mice was similar o that meusured in WT mice fod the
same diet.

Lovastatin administration to WT mice led to an increase in
PCSKY protein in liver (Fig. 64). Lovastatin also resulted in the
predicted increase in nuclear SREBP-2 protein levels in WT and
Pesk9~'~ mice. To more accurately quantify the changes in levels of
LDLR and RAP, a **I-labeted secondary antibody was used to
generate the dala shown in Fig, 68. LDLR protein levels in livers
of WT mice fed lovastatin were consistently lower than chow-fed
mice despite the measured increase in LDLR mRNA expression,
The expression of the LDLR was 2.8-fold higher in livers of

. - . |
Indirect immunofluorescence in liver using antibodies against LDLR. Frezen sections of liver from Lair'= (4), WT (B), and Pcskd=~ {C) mice were
incubated with a polyclonal antibody against the LOLR, Bound IgG was detected

ith 20 pg/ml Alexa Fluor 488-labeled goat anti-rabbit 1gG (20).

chow-fed Pesk9~'~ mice compared with the WT mice and was
further increased afller administration of lovastatin to a level
4.6-fold higher than chow-fed WT mice. Fig, 6C shows the relative
amount of LDLR protein in livers of WT and Pesk9~/~ mice
dministered lovastatin from three independent experiments. In all
xperiments. lovastatin administration resulted in a significantly
reater increase in LDLR expression in the absence of PCSK9.
To determine whether lovastatin increased LDL clearance, ra-
gliolabeled LDL was injected into W and Pesk9~~ mice fed chow
(:n‘ lovastatin (cight mice per group) (Fig. 7). Lovastatin adminis.
fration to WT mice did not significuntly alter LDL clearance from
the plasma after only 30 min. Pesk9™~ mice again displayed a
marked increase in the rate of LDL clearance from plasma com-
pared with that of WT mice. Lovastatin administration 1o Pesk9"™
nice resulted in an additional =2-fold increase in the rate of labeled
DL clearance from the plasma compared with chow-fed Pesk9~ =
mice. This chunge was similar in magnitude to the change measured
n LDLR protein tevels in chow versus lovastatin-fed Pesk9™'"~mice
Fig. 68},

Discussion
The current study demonstrates that the inactivation of PeskY
reduces plasma cholesterol levels primarily by increasing LDLR
protein expression in liver and accelerating the clearance of circu-
ating cholesterol. These resulls, together with the previous obser-
Yation that overexpression of WT PCSKS in mice leads to elevated
lasma LDL cholesterol levels by reducing the LDLR protetn in
iver {7}, indicatc that one function of PCSK9 is to negatively
egulate LDLR protein levels, No changes were detected in

Time (minutes)

Fig. 4.

Plasma clearance of % labeled mouse LDL in WT and Pcsk9~'~ mice. (A}
i.v. with '2%)-Jabeled LDL (30 pg of protein, 294 cpm/ng apoB protein). Blood was o
content of '2%-labeled total apoB {17). (8) Six male mice {10-12 weeks of age) of
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Six male mice (10-12 weeks of age) of the indicated genotype were injected
btalned at 30 s {time 0) and at 5, 10, 15, and 30 min for quantification of plasma

he indicated genotype were injected i.v. with the same '?5I-labeled LDL used

in A. Blood was obtained at 30s (time 0) and at 0.5, 1, 2, and 4 h for quantification d_f plasma content of 1251-labeled total apoB. Data are plotted as the percentage

of zero time value. Each value represents mean = SEM of six mice.
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Fig. 5. Rates of apoB secretion by primary hepatocytes from WT mice and
Pesk9~'~ mice. Hepatocytes were prepared from mice of the indicated geno-
type, and apoB48 and apoB100 were immunoprecipitated and separated by
SDS/PAGE gel electrophoresis as described under Materials and Methods. The
data are expressed as the apoB content in the medium as a percentage of the
¥¢.labeled apoB in the cells at zero time. Each value is mean + SEM of
duplicate intubations from eight WT and eight Pcsk9-/— mice. =, Statistical
difference of P < 0.05 (Student’s t test).

SREBP-2 protein or in the mRNAs of genes encoding chalesterol
synthesis enzymes in livers of Pesk@7" mice. which suggests that the
reduction in plusma cholesterol levels was not due to decreased
cholesterol synthesis. A small reduction in apoB48 secretion was
detecied in primary hepatocytes derived {rom Pesk@™~ mice;
however. the marked increase in plasma LDL clearance measured
in the Pcsk® / mice suggests that the primary mechanism re-
sponsible for lower plasma cholesterol levels is increased LDLR
expression.

3-Hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase in-
hibiters function by reducing cellular cholesterol levels. which
activates SREBP-2, leading to the transcriptional activation of
the LDLR. Inasmuch as SREBP-2 also activates Pcsk9. the
increase in PCSKS cxpression may normally attenuate the
increase in LDLR expression in animals administered statins.
The data of Fig. 6 are consistent with this interpretation. The
administration of lovastatin to WT mice increased nuclear
SREBP-21 protein and the mRNAs of both the LDLR and
PCSK9 (Table 4). Despite the transcriptional activation of the
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Fig. 6. Levels of proteins in livers of WT and Pcsk9~'~ mice fed chow (C) or
chow supplemented with 0.2% lovastatin (L}. Livers from four male mice inthe
groups of Table 2 were pooled, and aliquots of membrane protein (40 ug),
whole cell fysate (30 wg), or nuclear protein {30 ug) were subjected to
SD5/PAGE. (A) Immunoblot analysis of PCSKS, ARH (whole cell lysate), SREBP-2
{membrane and nuclear fractions), cAMP response element binding protein
(CREB) {nuclear fraction), LRP, and RAP {membrane fraction). P and C for
PCSKS denote the proprotein and cleaved forms of PCSK9. For SREBP-2, P and
N denote the precursor and dleaved nuclear forms. (8) Immunoblot analyses of
LDLR and RAP. A '23-labeled secondary anti-rabbit antibody from donkey was
used far the LOLR and RAP to quantify the expression of the LDLR by using a
Phosphorlmager. The relative expression of the LDLR protein is normalized to
the amount of LDLR expressed in livers of WT mice fed chow. (O} Relative
amount of hepatic LDLR protein in WT and Pcsk9-/~ mice fed 0.2% lovastatin
versus chow, Each symbol represents an independent experiment with four
mice per group.

Lddir. wotal hepatic LDLR protein was slightly lower than WT
mice fed chow. and the plasma cholesterol levels were not
statistically reduced (Table 2 and Fig. 6). One reason for the
apparent paradoxical response seems to be the simultanecus
induction of PCSK9, which posttranscriptionally reduces LDLR
protein levels. This interpretation is supported by the findings
that Pesk9=/~ mice administered lovastatin bhad higher LDLR
protein levels, increased LDL clearance from plasma, and lower
plasma cholesterol levels than Pesk9~'~ mice fed chow. These
results suggest that inhibitors of PCSK® may have beneficial
effects on plasma cholesterol levels, especially when combined
with statins.

Our findings in mice ure consistent with those of Ness er al,
(23). who previously showed that stating administered to rats
increased the LDLR mRNA levels but not LDLR protein levels
in liver. The lack of an increase in LDLR prolein was attributed
to increased LDLR degradation in these studies. It is likely that

Table 2. Phenotypic comparison of wild-type and Pesk9~/— mice fed 0.2% lovastatin

WT Peska—i—
Parameter Chow 0.2% lov, Chow 0.2% lov.
No. of mice 12 12 12 12
Body weight, g 244 =10 264 1.2 258 = 1.0 24.7 =07
Plasma cholesterol, mg/dl 809 =51 71,1 = 3.0 51.4 = 2.3* 40,8 + 1.8%x~
Plasma TG, mg/dl 94,4 - 8.7 64,5 = 4.6 100 = 5.9 66.2 = 4.2%**

Mean values of pooled data from three independent experiments. The cight male and four female mice (12-14
weeks of age} in each group were fed a standard rodent chow or 1he standard ¢chow supplemented with 0.2%
(wt/wi) lovastatin (lov.) for 7 days. The mice were killed nonfasted. Each value represents the mean = SEM. +, A
statistical difference of P < 0.01 {Student’s ¢ test) between the indicated group and WT mice fed chow. **, A
statistical difference of £ < .01 (Student's t test) between Pesk3 '~ mice fed 0.2% lovastatin and chow.

5378 | www.pnas.org/cgi/dol/10.1073/pnas. 0501652102
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between Pcsk9~'~ mice fed chow or lovastatin,

a statin-induced increase in PCSKY expression also was respon-
sible for their results. Lovastalin administration did reduce
plasma triglycerides in WT mice in the absence of a detectable
increase in LDLR protein or LDL clearance from plasma. A
reduction in VLDL production by statins probably accounts for
this observation.

Studies investigating the role of PCSK9 in regulating apoB
secretion ip liver have resulted in conflicting results, Two studies
showed 1hat apoB secretion is unaltered by PCSKY overexpres-
sion (3, 7). whereas another reported that PCSK9 overexpression

increases apoB secretion from the livers of mice (6). In the .

ahsence of POSKY. it seems that there is reduced apoB48
secretion from mouse primary hepatocytes. The anerease in
LLDLR protein expression resulting {rom the deletion of Peskd
could explain this observation by meuns of the mechanism
des¢ribed by Twisk er af. (24). who previously demonstrated that
the LDLR protein can mediate posttranstational presecretory
degradation of apoB in hepatocytes. A sccond possibility is that
increased LDLR expression on the cell surface mediates imme-
diate VL.DL recapture, thus reducing total apoB secretion into
the medium. Additional studies will be required o clarily the
operative mechanism,

The current study confirms that the LDLR is regulated both
at the transcriptional and posttranscriptional levels. SREBP-2

transcriptionally activates Pesk9 and Ldir and thus promotes

both the synthesis and destruction of the LDLR. The biological
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| reason why SREBP-2 up-regulates both Ldlr and Pesk still

i cannot be easily reconciled with the current information. How-
ever, it is possible that the simultancous transcriptional activa-
tion of Pesk9 and Ldir by SREBP-2 may provide a postiran-
scriptional mechanism to degrade the LDLR and shorten the
protein’s half-life, which could protect the cell from excessive
LDL uptake and cholesterol accumulation (7).

Several important questions regarding the function of PCSK9
remain unanswered. First, the substrate(s) of PCSKY has not
been defined, and whether this protease directly cleaves the
LDLR. or acts indirectly by destroying another protein, remains
t0 be determined. Second, although recent studies indicate that
PCSK9 mediaies the degradation of the LDLR in a post-ER
compartment (23), it is not known whether this degradation
occurs intracelfularly or after the LDLR reaches the cell surface.

Ahttadel, M., Varret. M. Rabes. I.P.. Quguertam, K., Devillers, M., Crunud, C . Benjannet,

Third. the impartance of PCSKY-mediated regulation of LDLR
expression in tissues other than liver remains 10 be determined.
PCSK9 is expressed at low levels in all tissues 1ested (8). The liver
normally accounts for 65-70% of all LDL-chulesterol ¢learance
in mice {2)}. Most tissues other than liver and the adrenal gland
have low LDLR activity and presumably low LDLR protein
levels (2). In experiments not shown. levels of LDLR protein in
the adrenal gland were higher in Pesk97 mice, suggesting that
PCSKY ulso may regulate the expression of LDLR in extrahe-
patic tissues. Further delineation of each tissue's contribution to
plasma LDL-cholesterol clearance in Pesk9™ "~ mice will require
more quantitative LDL uptake smdies.

The results reported here are consislent with the findings of
Cohen ef al. {26), who found that individuals heterozygous for a
nonsense mutation in PCSKY had a 40% reduction in LDL
cholesterol levels. Individuals with loss-of-function mutations in
PCSK? were heterozygous for the mutant allele. Heterozygous
Pcsk9™~ mice had a phenotlype thal was intermediate between
homozygous Pesk9~'~ mice and WT mice in terms of plasma
cholesterol concentrations and LDL clearance, which is consis-
tent with a gene-dosage eftect. The phenotypes observed in
humans with mutations in PCSK?, combined with results of the
current studies in mice, suggest that variations in the levels of
PCSKY significantly affect plasma cholesternt levels and that
inhibitors of PCSKY may be useful for the treatment of hyper-
cholesterolemia.
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