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Advances in Brief

Treatment of Metastatic Melanoma with an Orally Available Inhibitor of the

Ras-Raf-MAPK Cascade'”?

Eric A. Collisson,” Abhijit De, Hiroyuki Suzuki, Sanjiv S. Gambhir, and Michael S. Kelodney*
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Abstract

The Ras-Ral~-MAPK pathway Is constitutlvely activated in the mejority
of melsnomas because of » mutation in (he BRAF genc. It has been
hypothesized that activation of this pathway is crucial for the genesis and
maintenance of melanoma and therclore represents an attractve clinleal
target for metastatic disease. We synthesized 8 previously characterized
MAP kinase kinasc inhlbitor to test the efTect that blocking the Ras-Raf-
MAPK pathway would have ¢n the establishment and malntenance of
melanoma metastases. Oral administestion of Cl 1046 (nhiblted formation
of pulmonary metastascs and caused rapid regression of established pul-
monary mctestases In the mouse. Ovur findings Ilndicste that Ras-Raf-
MAFPK sctivation provides cruclal signals for the survival of melanoma
cells at ectople siles and that the pharmacological inhlbition of this path-
way Is a promising target for melanoma therapy.

Introdoction

Melanoma is a highly aggressive end oflen fatal malignancy resist-
ant to currently aveilable therapy (1), The recent elevation in mela-
noma incidence (2) has highlighted the need to understand the mo-
lecular underpinnings of this neoplasm. Specific iohibition of
oncogenic signaling molccules promises high ¢fficacy with low tox-
icity if appropriate molecular targets are defined and blocked. This
approach has been difficull in solid tumors becausc of, in part,
helerogeneity in potential targets. A high throughpul genomic screen
recently identifted activaling mutations of the BRAF gene in the
majority of mclanomas (3). Thus, application of specific kinese in-
hibitors lo melanoma is particularly attractive because of the high
prevalence of BRAF mutations and the dismal clinical outcome of
currently available treatment modalitics.

it is now appreciated thal the VS99E BRAF mutation is the most
common mutation in human melanoma, cccurring in roughly 80% of
short-term cultured tumors, Activaling mutations of the BRAF gene
gre also present in roughly 80% of nevi (4), which are thought to be
premalignant melanocytic lesions, The precise role that BRAF and
RAS mutstions play in the initiation and maintenance of malignant
melanoma is not understood. Raf kinases play a central role in the
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Ras-Raf-MEK-MAPK® signaling pathway. Raf is activated by GTP-
bound ras (5). Once active, raf phosphorylates the MEK kinase (6).
Active MEK phosphorylates and activetes MAPK, which has multiple
targets, and leads to chanpes in gene transcription and resistance to
apoptosis (7). .

Mutational activation of RAS genes occurs in human melanoma,
albeit with low frequency (8). A mouse model has shown that cxpres-
sion of an activated RAS allele is sufficient to promote melanomagen-
esis in an INK4A™ background and that sustained ras signaling is
required for melanoma maintenance (9). These studics suggest that
BRAF mutations may play an impontant rele in initiation of human
melanomas, and that sustained Ras-Raf-MAPK signaling may be re-
quired for tumor survival in viva. To test this hypothesis, we admin-
istered a highly specific MEK inhibitor to melanoma cclls i vitre and
10 mice bearing pulmonary metastases of a human melsnoma cell line
with the V599E BRAF mutation. We targeted MEK beczuse it is
necessary for many, if not all of the oncogenic functions of raf (5},
Moreover, raf kinase inhibilors developed to date may not be Rlly
active against VS99E braf because mutations in the BRAF gene could
lead to resistance as has been described for other drugs developed
apainst kinase dormains of oncoproteing (10). In this report, we show
that the cncogenic potential of BRAF mutations in melanoma can be
effectively diminished with adequate inhibition of MEK and (hat
specific targeting of kinases in melanoma may be a feasible and
worthwhile clinical approach o management of this disease,

Materials and Methods

Immunohlistochemistry. Tissue samples were eequired from erchival mel-
anoma samples or fumar-bearing mice with the approval of the UCLA Office
for the Protection of Rescarch Subjects board, Scetions of formalin-fixed,
paraffin-cmbedded tissue were deparaffinized in xylenc and then hydrated
through a series of xylene and cthanof washes. Anligen retricvel was per-
formed using 6.5 mM citrate buffer at pH 6.0 in n pressure cooker for § min,
and 3% H,0, was used Lo quench endogenous peroxidase activity. After
ringing (wo times in PBS, the scctions were blocked for [ b at room temper-
ature in 5% normal goat serum (Vector, Burlingame, CA). Localization of
phesphorylated MAPK protein expression was examined using a polyclonal
rebbit enli-phospho-p44/42 MAPK antibody (New England Biolabs, Beverly,
MA) at a dilution of 1:200, The sections were incubated in the pimary
sntibody overnight at 25°C. Biotinylated secondary goat anti-rabbit antiserum
was from KPL {Allentown, PA) and was used at 1:100. Stoining was done
using 3-amino-9-¢thylcarbazole and mounted with Permount,

Wesiern Blotting. Immunoblotting of cultured cells was performed es
deseribed (11) with antibedics against b-ref (Santa Cruz Biotechnology,
Sants Cruz, CA), Phospho-MEK (Cell Signaling, Beverly, MA), Phospho-
MAPK (Cell Signaling), Total-MAPK (Cell Signaling), and actin (Sigma,
St Louis, MO). .

¥ The bbreviations uted arc: MAPK, milogen-aetivated prorein kinese; MEK, MAPK
kinase; GFP, green fluoreseent protein; SCID, scver combined immunodeliciens CCD,
charge coupled device; Fluc, firefly luciferase,
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Cell Lines and Genotyping. A175, SK-MEL-28, CHL, and WM-266-¢
ceil lines were from American Type Culture Collection. The A375M cell line
was a gifl from R. O. Hynes (Massachusents [nstitale of Technolopy). All lines
were maintgined in DMEM (Invitrogen, Carlsbad, CA) + 10% Feta| bovine
serum (Hyelane) and |% penicillin/streptomycin (Invilrogen). For BRAF sc-
quencing, 1 X 10* cells were pelicted, and genomic DNA was prepared using
Trizel (Life Technolagies, Inc.} exactly as recommended by the manufacturer.
PCR-bascd sequencing of caon 15 was perfonned using the following intron-
flanking primers from IDT (Skokie, IL); BRAF 1§ FWD, §'-CATAATGCT-
TGCTCTGATAGGA-3'; and BRAF 15 REV, 5.GGCCAAAAATTTAAT-
CAGTGG-3".

A37SM-Flue cells were esiablished by recombinant lentiviral transduction.
Brlefly, the firefly luciferase eDNA (Fiuc) nlong with a downstream EMCV-
IRES scquence was subclaned into pCS-CG lentivector using the Ahel and
£cod711] sites upsircam of the GFP gene, resuiting in pCS-CG-Flue-I-GFP,
Recombinant [entivirus was produced by standard calcium phosphate cotrans-
fection of 293T cells along with pAVPR and pYSVG (12). A375M melanoma
cells (VX 10% were seeded in [O-cra plates and incubated with kentiviral
supematents filtered from virus-producing cultures in the presence of Poly-
brene (B ug/ml). Stable cell pools were sclected by FACS sorting for GFP
fluorescence,

Soft Agar Assays. A375M gells were suspended in 0.3% Noble ager with
complcte DMEM, plated in duplicate in dishes comed previousiy with 0.5%
base ngar, and maintained a1 37°C, Both base and suspension ngar contained Cl
1040 or DMSO at the indicnied concentration. On day 21, colonies >0.2 mm
in diameter were counted.

Cell Cycle Analysls and Apoptosls. Cells were treated with | us CI 1040
or DMSQ in the presence of 10% serum for 24 b and thep processed for cell
cycle analysis by propidivm iodide stoining as described (11). Apoptosis was
assessed by the Annexin V assay kit (Oncogene, La Jolla, CA) exactly as
described by the menufacturer,

Animal Studies. All animal studies were approved by the UCLA Animal
Rescarch Committee. Beige SCID mice, 8 weeks of age, were injecied wlith
7 % 10° A375M-Fluc cells via the lateral tail vein on day 0. Mice were (reated
with 50 mg/kg of C1 1040% resuspended in a 8:1:1 PBS:ethanol:Cremophore by
gavage twice per day for the first 14 days afler injection (n = 4, Early Treat],
days |15-28 (n = 3, Late Treat), or vehicle (r = 4, Contrel). Mice were imaged
by i.p. injection of 100 w) of p-luciferin (30 mg/ml; Xenogen) and imaged
using a cooled CCD camers {([VIS). (maging deta were quantified as deseribed
{13) by averaging the cegion of inlerest from the maximal photon emitting
cxposure.

Results

To evaluate the frequency of Ras-Raf-MAPK pathway activation in
meclanoma, we immunostained melanomas with a phospho-specific
antiserum to MAPK and found the pathway to be octivated in the
majority of samples tested (14 of 16; 87.5%; Fig. 14), consistent with
B recent report (14).

To address the rofe of BRAF mutations in mediating the high level
of MAPK phosphorylation in melanoma, we evaluated several mela-
noma cells lines with known BRAF mutations. We found that the
WM-266-4, SK-MEL-28, and A375 cells lincs all exhibited high
levels of phosphoryleted MAPK in both the presence and absence of
serum, indieating that the Ras-Raf-MAPK pathway was constitutively
aclivated in these cell lines (Fig. 1B). These findings ere consistent
with the reported mutations in the 599 codon of BRAF in these celt
lines (3). In contrast, the CHL melanoma cell fine, with wild-type Ras
and wild-type BRAF allcles, down-regulated MAPK phosphorylation
after serum withdrawal (Fig. 18).

To evaluste the thernpeutic potential of inhibiting the Ras-Raf-
MAPK pathway, we synthesized CI 1040,° a specific, p.o. available,
small molecule inhibitor of the MEK kinase (11} that does not inhibit
raf. We found thet CI 1040 inhibited MAPK phosphorylation in all

4 Details on the synthesis of C1 1040 ave availsble onlinc at: hitp:/fwww.mikederm.
med.ueln.edu/Cl10408ynthesis him,

B CHL {SK-MEL | WM-266 [ A375
WFBS [ 4 | - |4+ |+l o+ l+]+]|-+
(2o 121 N N NS SO N (PPES (U R T I R e

u0OMSO
B Gl 10401

CHL WM-2664 AJTS

Fig. §. The Raf-MAPK pathway in melonoma. A. immunoliistochemisity of a mepre-
genlalive primary meclanoma sisined for phospho-MAFK. B, immunoblois of CHL,
SK.-MEL, WM-266-4, mnd A3?5 cell lysates, blolted for ots]l MAPK {T-MAPK) or
phosphorylaied MAPK (P-/{APK) i Ihe presence or abgence of serum and C1 (040, C.
quantitalion of ccll proliferation in (he presonce (gray cofumns) or abseneo (black
columns) of 1 pm C1 1040, Bors, =1 SD.

SK-MEL-28

cetl lines tesied, indicating thal a constitutively active braf required
MEK activity to up-regulatc MAPK phosphorylation (Fig. 18). To
address the possibility that aclivating BRAF mutations conlrbule to
cellular proliferation independent of MEK, we evaluated the ability of
CI 1040 to inhibit proliferation of the above cell lines. CI 1040
potently inhibited proliferation of all three lines harboring mutant
BRAF but had minimal effect on the CHL line with witd-type Ras snd
BRAF genes (Fig. 1C). This finding indicales that C! 1040 may be
specifically potent against cells dependent on constitutive MEK acti-
vation for proliferation,

To model the cffects of the V5S99E SRAF mutation in living
animals, we sought 8 melanoma cell line that contained this muotation
and was well characterized with respect 1o metastasis in vivo. We first
confirmed that the A375M melanoma cell line (15) harbored the
Y5%9E mutation similar {o its parental line (data not shown), We then
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treated A37SM cells with various concentrations of CI 1040 and
observed inhibition of MAPK phospharylation, whereas lotal MAPK
levels were unaffecied (Fig. 24). OF note, B-raf protein levels were
not decreased by CI 1040 treatment. Phosphorylation, and thus acli-
vation of MEK, was increased by treatment with CI 1040, as reported
prcviously (16),

Anchorage-independent growth is 2 hallmark of the malignant
phenotype. A375M cells plated in sofl agar were unable to proliferate
when incubated with C1 1040, whereas untreated cells grew robustly
(Fig. 2B). Ras-Raf-MAPK signaling has been reported to increase
invasion of tumor cells (7). The A375M cell line has been selected for
high metastatic petential in 2 mouse xenograft model (15). We incu-
bated AI75M cells with CI 1040 in Matrige! invasion chambers and
found that C1 1040 treatment inhibiled invasion in a dose-dependent
manner {Fig. 2C). Finally, the Ras-Raf-MAPK pathway has been
implicated in cell survival. Incubation of A375M cells with CI 1040
causcd a dose- and time-dependent apogtosis (Fig. 2C). These in virre
data sugpest that in the A375M cell ling, constitutive activation of the
Ras-Raf-MAPK pathway is cssential for full expression of the malig-
nant phenstype.

CI 1040 has been reported to be a p.o. effective MEK inhibitor (11},
We found that administration of a single oral dose of Ci 1040 (o
A375M tumor-bearing SCID mice at 50 mgfkg inhibited MAPK
phospherylation within 2 b (Fig. 20), thereby indicating that the drug
is both biosvailable ond effective at this dosage and route of admin-
istration.

To further examine the sequelae of MEK inhibition on melanoma in
living animals, we cstablished A375M cells stably expressing the
firefly lucifernse (Flue) and GFP genes using a bicistronic lentivirus

1M CT 1040

 DMSO " 10uM CT 1040 |
16k 1.2%(0.0) 5.53% (0.2) 8.1% (0.6)
24h|  1.3%(0.)) 1.2% (0.4) 11.8% (0.9)

PBS

Fig. 2. Results of MEK inhibition on A375M cells. 4, A175M colls Ircated with the indicoed concorimetion of CI 1040 and jmmunobleticd for B-raf, Fhospho-MEK (P-MEK),
Phospo-MAPK (7-MAPK), or Taml-MAPK (T-MAPK). 8, number of colonies in solt ager assays performed with AJ7SM cells in the presence of various concenuations of C1 1040
sfier 21 doys. Bars, [ 5D, C. invaded AYISM cells in Matrige) chamber assays with vArious concentrations of Ct 1040 or DMSO control aflet 46 b (top images) or pereeniege of
annexin V positive (hoitom eable) a given 1ime points. D, oxplanted (umor-bearing mouse lungs aficr reatment with CI 104C [fe/t panel) or PBS (right panef) werc immungstained
for Phospo-MAPK (P-MAPK).

50 mg/kg CI 1040

carrying both reporters (12). The resultant A375M-Fluc cells ex-
pressed a consistent level of Fiue over a !-month peried as described
(12) and performed indistinguishably from parcntal A375M cells in
soft agar and invasion assays (data not shown), indicating that lenti-
viral transduclion wes both siable and did not appresiably alter the
behavior of this cell line. A375M-Fluc cells were Lhen injected into
SCID mice via the lateral tail vein, and pulmonary metasiasis forma-
tion was monitored by serial bioluminescent optical imaging with a
cooled CCD over | month. [nitial experiments revealed that light
emission accurately reflected tumor burden (datz notl shown), as
shown in similar systems {12).

A375M-Flue cells injected inlo untreated contral mice were rapidly
trapped in the pulmonary vasculature. The majority of these cells died
over the next 24 h, most likely because they were unable to cxtrav.
asate and survive at this ectopic site. Metastases became detectable ai
day 7 and grew exponentially in the lungs thereafier (Fig. 3). In
contrast, mice treated with Cl 1040 from the day of cell injection (day
0) unti] day 14 showed no detectable metastases on day 14 (Fig. 3).
However, after cessation of Cl 1040 administration on day 14, some
tumors reemerged by days 21 and 28 (Fig. 3B). In paraliel experi-
ments, we treated established metastases with CI 1040 for 14 days,
beginning at 14 days after 1ai] vein injection. These established tumors
rapidly regressed upon C1 1040 administration (Fig. 3).

Discussion

In this report, we show that Ras-Rai-MAPK inhibition by a small
molecule holds promise for both the treatment and prophylaxis of
metastatic melanoma. Our data support the hypothesis that specific
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Day 0
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Day 14
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Fig, 3. MEK inhibition is cffective i vivo, 4, AJTM-Fiuc cells were injesied into
SCID mice via tho lateral il vein. Scrlal images of o represemalive mouse from cach
Eroup is pictured, Mice were trexted with either PBS (Control, left column), Ck 1040 a1 50
mglkg, p.o. twice per day cither from doys 0«14 (Earfy Treat, middle coliumn) or days
15-28 (Late Trear, right colurmm). On the indicaled days, mice received injections i.p, wilth
3 my of o-luciferin and placed in 2 conled CCP camera for imoging. B, resulls were
wenged from he pesk light-cmitting exposuee from soch group ond graphed in lago-
Athmic scole.

kinase inhibition downstream of a commonly occurring molecular
defect, Le., Ras-Raf-MAPK activation attributable to mutation of the
BRAF gene, can provide efTective therapy for metestatic melanoma. A
well-defined murine ransgenic melanoma mode! has shown that ras
activation is sufficient to promote melanomagenesis in an INK44 ™~
background and that withdrawal of activated ras, by fet-inducible
system manipulation, results in rapid tumer regression (9). Comple-
mentery work has demonstrated widespread sensitivity of human
melanoma cell lines to a MEK inhibitor in virro {17) but did not
correlate this susceptibility (o tumor genotype, nor was in vivo effi-
cacy assessed. Extensive study of both ras and raf has shown that in
addition to transducing signals to MEK, these molecules have nddi-
tional targets (), Our results suggest that MEK activation is necessary
for the survival of melanomas harboring cither activating RAS or
BRAF mutations.

Previous work has shown a cytostatic effect of Cl 1040 on s.c.
tumars harboring RAS mutations with resumplion of growth upon
cessation of the drug (1 1), Using serial optical imaging, we dosument
regression of metaslases lreated with CP 1040. However, some
A375M cells survive treatrnent, 8s cvidenced by the regrowth of
metastases after drug withdrawal. Serial imaging of mice allowed us
to differenliate rapid tumor growth at treatment cessation from slow
but continuous prowth in the presence of drug, with the imaging daia
demonstrating the prior scenarig,

Our results demaonsirate that pharmacotherapy targeted downstream
of deregulated BRAF or RAS signaling may be a viable approach to
melanoma management. Additionally, this work suggests that the
malignant phenotype resulting from mutational b-raf activation might
be susceptible to targeted inhibition of MEK. Approaches aimed at
polarizing the cellular response to MEK inhibition 1oward a ¢ytocidal
ather than cytostatic outcome hold promise, For example, combining
MEK inhibition with 2nother agent, such as the slaurosporine analog
UCN-01, dramatically enhances apoptosis (18). Neovascularization is
also dependent on MEK signaling, and inhibition of raf in the neo-
vasculature is an emerging antitumor approach (19). CI 1040 also may
affect angiogenesis in this menner and could account in part for the
efficacy of CI 1040, although we did not directly assess this possi-
bility in the present study. Additionally, targeted inhibition of kinases
in cancer has been shown to rapidly give rise to resistance in the clinic
(10). The A375M cell ling harbors a naturally occurting BRAF mu-
tation and could be adapted to select for mechanisms of resistance to
MEK inhibition and thus provide 8 framework for interpreting clinical
observations with MEK inhibitors,

The V599E BRAF mutation is highly prevalent in both premalig-
nant melanocytic nevi and melanoma, making it the carliest known
genetic change in this discase. An emerging theory of cancer progres-
sion lo metasiasis views early events in carcinogenesis as predictive of
later metastatic ability {20). The observation that metastatic-like tran-
seriptional profiles exist within primary tumors supports the concepl
that the genetic changes in a primary tumor are sufficient for metas-
tasis (21). Our findings further support this theory by demonstrating
that the earliest known genetic change in melanoma is necessary for
a fully metasiatic phenatype, and therapy targeted against this change
can reverse (he melestatic progression of this diseasc.
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Abstract

Activating mutatlons in the BRAF scrincithreonine kinase are found in
>70% of humsn melanomas, of which >90% sre BRAFY¥**E, We songht
to Investigare the role of the BRAF*™ glicle in malignant melanoma. We
bere repart that sappresslon of SRAF***E expression by RNA Interfer-
ence in cultured human melanoms cells [nhibits the mitogen-activated
protein kinase cascade, causes growth arrest, and promotes apoptosis,
Fuethermore, kneckdown of BRAFYF cxpression completely abrogates
the transformed phenotype as asscssed by colony formation in soft agar,
Simliler targetiag of BRAF"7E or wild-type BRAF in human fbrosar-
comn cclls that lack the BRAF"**° mutation does not recapitulate these
effects. Marcover, these results are specific for BRAF, gy targeted Inter-
ference of CRAF in melanoma cells does not significantly aiter their
blalogical properties. Thus, when present, BRAF*™F pppears to be cs-
sential for melanoma cell viability and transformation and, therefore,
represents an attractive therapeutic target in the majority of melanemas
that harber the mutation,

Introduction

Malignant melanoma will afflict >50,000 people in the United
States this year and result in >7,000 deaths (1). The incidence of
melanoma is rising among the most rapidly of all malignancies (2).
When diagnosed carly, meclanoma is highly curable by wide surgical
cxcision, Howcever, in patienls with deep local invesion, or with
spread to lymph nodes or distan! sitcs, the discase is highly resistant
{o all forms of therapy. The median survival for patients with meta-
static melanoma is 6-9 months (3).

Recently, activating mutations in the BRAF gene were described in
a majority of melanomas and benign nevi, suggesting an important
rale for this encogene in melanacyte biology and discasc (4-6). More
than 60% of malignant melanomas were found to contain a specific
mutation, BRAF*™?E the product of which possesses constitutive
kinasc activity. 8RAF is a member of the Raf family of scrine/
threonine kinases, slong with CRAF and ARAF, which serve as
immediate effectors of the ras GTPases (7). Activation of the Raff
MEK/ERK, or MAPK, signaling ¢ascade promotes cellular prolifer-
ation and survival, The highly homologous Raf family members have
overlapping but distinct biochemical activities and biological Func-
tions. We therefore sought to determine whether Raf family members,
and specifically BRAF"*#*£, are required in meianoma cells for main-
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tenance of the transformed state. Accordingly, the biochcmicatl sig-
naling properties and cellular phenotypes of melanoma cells were
assessed afler depletion of B-Raf, B-Raf****%, and C-Raf proteins
by RNAI,

Materials and Methods

RNAi Sequences and Preparation, Small inhibitory duplex RNAs {PRO-
LIGO, Boulder, CO) were prepared and reconstituted in anncaling buffer as
described (8, 9). The sense strands of the siRNA duplexes were as follows:
Lamin A/C: CUgg ACUUCCAGAABAACATT,; Com-4: AgAAUUggAUCUg-
gAUCAUTT, Mu-A: gCUACAgAgAAAUCUCRAUTT; C); UglhC-
gAAAURgAAURARCTT. Duplex shRNA oligos were cloned into the Hindlll
and Bgfll sites in pSUPER retro {Oligoengine, Seattle, WA), and insert fidelity
was confirmed by sequencing both strands with the following primers: forward
- lmtccageecteacice, reverse — plgtictggganaicace. The sense strands of the
shRNA pSUPER.tetro inserts were as follows:

Com-1: gotccccTGGATACCGTTACATCTT CutcongageGAAGATGTAA
CGGTATCCAuntggans,

Com-2: gatececTCCCAGAGTGCTGTGCTG THeangagaACAGCACAG-
CACTCTGGGAuntzgaas,

Com-3:  gatccecTTGGTTGGGACACTGATATierogapaATATCAGTG-
TCCCAACCAALttippaas.

Com-4:  gatecceAGAATTGUATCTGGATC A TucaepagaATGATCCAG-
ATCCAATTCTitttggana,

Mu-A:  gotecccGCTACAGAGAAATCTCGATeangagaATCGAGATT-
TCTCTGTAGCuutgpean,

Mu-B:  gatccccGAGAAATCTCGATGGAGTGureangagaCACTCCATC-
GAGATTTCT Ctitttggoaa,

Cl: gatcccc TGTGCGAAATGGAATOAGCCaagagaGCTCATTCCATT-
TCGCACAItiggasa.

BRAF ¢DNA. Humzn wild-type BRAF nnd BRAFY''%F were cloned from
mRNA and sequenced to confirm fidelity. 5° HA epitope tags were cloned into
both cDNAs by PCR. Full-length 8RAF cDNAs were subsequenily cloned into
pBABE. puro.

Cell Cultore and Transfection. WM793 melanoma cells were derived
ftom n vertical growth phase tumor ez deseribed previously (10), and HT 1080
and HEK cells were obtained from Atnerican Type Culture Coilection, Cells
were caltured under standard conditions (37°C in humidified atmospherc
containing 5%C0;) and grown in DMEM suppiemented with 25 mm HEPES
{pH 7.4}, 10% FCS, penicillin (100 units/ml), and streplomycin (100 pghml).
To achieve transient suppression of gene expression, cells were plated in
six-welt dishes 0t 50-G60% confluency and transfecled with § pg of duplex
RNA plus 6 ul of OLIGOFECTAMINE (Life Technologies, Ine., Carlshad,
CA) per the manufacturcr's recommendations and ss described (8, 9).
The specificity of the targeting sequences was determined by transient
cotransfection of HEK cclls with pBABE.pura,HA-tsgged BRAF or
pBABE.puro HA-tagged BRAF***€ and shRNA vectors (1 1). For stable trans-
fection experiments, cells were plated at 50-80% confluency in 100-mm
dishes and trensfected with 4 up of plasmid DNA and 12 ul of Fugene 6
{Rache, Indianepolis, IN} per the manufacturer’s instruclions. Twenty-four b
after transfection, cells were selected in media containing 2 ug/ml Puromycin
far 60-72 h end then coliceted for biochemicel and cellular assays.

Immunoblotting. Adherent cells were washed with ice-cold PBS and |ysed
and scraped in boiling SDS lysis buffer (10 mM Tris, 1% SDS, 50 mM NaF, and
I mM VO4). Lysates were boiled for 5 min, the DNA was sheared, and
insoluble debris was removed by microcentrifugation (14,000 rpm for 10 min).
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Protcin concentrations were detetmined wilh bicinchoninie acid (Picree, Rock-
ford, IL). Semples (15 pg of tatal protein per lanc) were resolved by reducing
SDS-PAGE and transferred to Immobilon-P polyvinylidene diflueride mem.
branes (Millipore, Bedford, MA), Membranes were blocked and incubated
with primery antibodies in TBS [150 mM Tris-HCL {pH 8.0) and 150 mm
NeCl] + 3% BSA for antiphospho entibodics or 5% nonfat dry milk/TBS for
other antibodies. The membranes were subsequently washed (TBS/0.1%
Twecen 20, incubated with horseradish peroxidase-conjugated secondary an-
tibadies, ond washed aguin before being processed with enhanced chemilumi-
neseenice plus (Amersham Biosciences, Liude Chalfont, United Kingdom).
Membranes were probed sequentially for the indicated proteins after washing
in stripping buffer (30 msm Glycine (pH 2.5) and 0.05% Tween 20] for 15 min
at 55°C. Primary sntibodies were procured from the foliowing sources: an-
tiphosphorylated end total MEK (Cell Signaling, Beverly, MA), ant-HA
(Sigma. 51 Louis, MO), and anti-Lamin A/C (Vector Loboratories, Burl-
ingame, CA) end antibodies againsi actin, B-Raf, end C-Raf were slt obtained
fiom Senta Cruz Biolechnology (Senta Cruz, CA), Horseradish peroxidase-
conjugaied seeondery antibodies were from Jackson Immunorescarch (West
Grove, PA). '

Proliferation, Apoptosls, and Transformation Assays. ARer selcction,
shRNA-transfecied cells were plated onto glass coverships in media. The next
day, cells were incubeled with | mm BrdUrd (Sigma) for 4 h, and positive
nuclei detected with anti-BrdUrd FITC per manufacturer's instructions (Roche,
Indianapolis, IN), Apoptosis was detected with the to Situ Cell Death Delec-
lion kit per the manufacturer’s instructions (Roche). Three high-powered Ficlds
were counted manunlly to determing the percentage of celis in § phase and the
degree of apoptosis, respectively. Nuclear staining was detected with 4°,6-
diamidino-2-phenylindote (Sigma). Soft agar assays were performed by plnting
50,000 cells/60-mm dish in 0.34% agar/medin suspension over a solidifted
0.5% sgar layer. Dishes were replenished every 5-7 days.

Results

The recent development of facile methods for both transient and
stable suppression of gene expression by RNAi has provided powerful
tools for the study of mammalian cell genetics (8, 11, 12). These
methods exploit a conserved biological response to shorl duplex RNA
that resulls in post-transcriptions! gene silencing (13), Ta evaluate the
role of BRAF expression in human melanoma cells, we gencrated o
scries of stably expressing vectors against discrele regions of the

Com-3 (684.702)
Com-2 {633-851) Cotm=4 (1445-1463)
Com-1{411-428) Mu-A (1853-1871)
\ puu-eness-tm)
7 H { } ¥
Human BRAF cONA
2470 bp

Fig. 1. Resign and charecterization of veclor-based RMNA of human BRAF, A, sche-
matic representation of human BRAF ¢cDNA d ling sites selected for wrgeting. 8.
¢fficacy of shRANA vecior in suppressing BRAF and BRAFYE expression. Subconfluent
adherent HEK cells were cither not tmnsfecied (—) or eotransfeqied wilh pBABE.pu-
10.HA-BRAF (1aft panels) or pDABE.puro.HA-BRAF" ™ (right panets), ond the series of
shRNA plusmid constouels were dirccled against SRAF, Afler wansfection (48-72 h),
whole cell cxtracts weve prepared and amalyzed for HA expression; actin was used es &
toading control. This experiment was performed three times with similar results.

B-Ret

Lamin AIC
p-MEK

+MEK

Aciin A . iy i 2

Fig. 2, Transicnt suppression of wild-lype and mutont BRAF by siRNA in WM92
cefly, Subconfluent coll eultures wore transfecicd wilh siRNA dirccled against Lamin 4/C
(L) BRAF (4), and BRAF***% (A}, Wholc cell Tycates were then prepared at 24-, 48-, 72,
ond 96-h post-transfection and analyzed for specific protein expression by immunablol-
ting with the indicatcd wntibodies. The position of the M, 45,000 phospho-MEK t/2
groteins is indicated; the identity of the faster migmiing bend is unknown, This experiment
was performed three times with sirnilar sesulls,

human BRAF coding scquence (Fig. 14). We then tested the speci-
frcily of these reagents in HEK cells that had been transiently cotrans-
fected with HA epitope-tagged wild-type and mutant ARAF vectors
{Fig. 18). Targeting sequences common to both wild-type and mutanl
allcles (Com-1, 2, 3, and 4) caused varicus degrees of knockdown of
BRAF expression in HEK cells as demonstrated by immunoblots
against the expressed protein, with Com-4 being the most effective, A
mutant-specific vector (Mu-A) was also created that essentially com-
pletely abolished BRAFYE expression while keeping wild-lype
BRAF expression intact.

After cstablishing the cfficacy and specificity of various RNAI
constructs described above, we designed corresponding duplex siRNA
species to study the effects of endogenous BRAF knockdown in
melanoma cells beesuse of the higher transfection efficiencies achiev-
gble by this method and the ability to obviale the need for antibiotic
selection. WM793 human melenoma cells were derived from a ver-
lical growth phase tumor (10) and have been shown Lo harbor the
BRAFY*®E glicle (14). Com-4 and Mu-A siRNA significantly inhib-
ited BRAF expression and its altendant dowmstream signaling s
measured by phosphorylated MEK levels, although these effects were
relatively short lived and reversed by 72-96 h after transfection (Fig.
2). Transfection of siRNA against Lamin A/C as a control revealed
efficicat and mote Jurable suppression of target expression, reflecting
cither greater efficacy or stability of this transfected RNA duplex or
perhaps lower endogenous Jevels of lamin mRNA synthesis.

Despite the marked biochemical sequelae to BRAF knockdown by
siRNA, the cffects were transient and tapidly reversible, and there were
no overt phenotypic consequences. Thus, lo study the potcntial biological
conscquences of more durable perturhations of these pathways, we used
our panel of shRNA vectors 1o stably knock down BRAF In melanoma
cells. Transfection of Com-4 and Mu-A shRNA vectors into WM793
cells effectively and stably suppressed BRAF expression and MEK. phos-
phorylation (Fig. 34). Cells transfected with contral vector had no dis-
cerrible effect on these parameters, On the other hand, although it was
possible 1o stably ‘suppress BRAF expression by Com-4 in HTIG80
human fibrosarcoma cells, no corresponding inhibition of MEK phos-
phorylation was observed, indicating that these cells activate the MAPK
pathway by another mechanism. As cxpected, transfection with Mu-A
had no discernible effect on B-Raf levels because these cells do not
contain the BRAFTE mutation.

Several cellular consequences to stable BRAF suppression were
readily apporent. First, the morphology of WM793 cells changed
dramatically, becoming much larger and flatier and also less refractile
(Fig. 3B). In addition, far fewer WM793 cells were recovered after
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HT1080

B-Haf

p-MEK

-MEK

Aclin

B Veclor Mu-A

R { _. L3 / N SRy an

Fig. 3. Effects of slable suppressian of cndogencus BRAF and BRAF°F jn WM793 and HTIOED cells. Subconfucat cultures of WM793 or HT1080 cclls were transfected with
pSUPER.scirs (veeros), shRNA dirceled against BRAF (Com-4), or shRNA, dirceied against BRAFY™F (Mu-A). Aler solection in puremytin, the biochemical and biologica! properics
of thesc cells wers assessed. A, immunoblod phalysis of B-Raf, aclivoted MEK (p-MEK), toul MEK (- MEK), and aetin levels. The pasitions of the A, 45,000 phosgho- snd lata)-MEK
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transfection with Com-4, as compared with control veclor or Mu-A,
suggesting that wild-type B-Raf function may also be important for
the viability of these cells. No apprecisble differences in morphology
or cell number were noted in paralle] transfections of HT1080 cells
{Fig. 38). In addition, Com-4 and Mu-A-transfected WM793 cells
exhibited markedly lower proliferative rates; the percentage of cells in
S phase was ~4 +/~ 2% and 0.8 +/— 1%, respectively, as compared
with 19 +/— 2% for cells transfected with empty vector (Fig. 3C).
The proliferation of HT1080 cells was not affecled by lransfection
with any of these vectors, again despite achieving significant knock-
down of B-Raf levels (Fig. 3C). WM793 cells also cxhibited increased
levels of apoptosis after stabic suppression of BRAF, whereas human
fibrosarcome cells again remained unaffected by similar manipula-
tions (Fig. 3D).

These resuils demonstrated that BRAF-dependent signaling was
necessary for the optimal proliferation and survival of human mels-
noma WM793 cells and dispensable for human fibrosarcoma cells.
We wondered whether these effects were specific for the BRAF family
member of the Raf kinases or extended to the heretofore more exten-
sively studied homologne, CRAF. We therefore generated CRAF-
specific duplex siRNA species and stably expressing shRNA vectors
and tested their abilities to suppress CRAF expression and inhibit
downstream phosphorylation of MEK. As shown in Fig. 44, knock-
down of C-Raf protein levels by siRNA followed a slower time course
than that of B-Raf and remained more durably suppressed. Notably,
however, there appeared o be no effect on MEK phosphorylation
despile nearly complete suppression of CRAF. Thus, at least in

WM793 melanoma cells, CRAF appears not to be required for MEK
activation. A stably expressing shRNA vector dirccled against the
same sequence similarly knocked down CRAF expression with no
attendant affect on MEK phosphorylation (Fig. 48).

Finally, the ability Lo manifest anchorage-independent growlh, an
established feature of celiular tansformation, was assessed in mela-
noma cells after the knockdawn of BRAF, BRAFY™% or CRAF.
WM793 cells transfected with empty vector readily formed colonics
in soft agar (Fig. 4C). Cells in which C-Ral levels had been stably
knocked down formed colonies almost as readily. Transfection with
cither Com-4 or Mu-A, however, essentially completely abrogated the
ability of these cells to manifest anchorage-independent growth.
Therefore, BRAF is uniquely required for cellular transformation in
WMT793 cells,

Diseussion

Oncogencsis is generally viewed as 2 mullistep process characler-
ized by the progressive acquisition of genctic mutations and func-
lional capabilities (15). The hope for curative therapies lies in Lhe
proposition that key genetic events exist which represent unique
points of vulnerability for cancer cells. Indeed, despite the complexity
of genetic and epigenetic alterations in cancer cells and their micro-
environment, recent evidence demonstrates that the specific inhibition
of one, or perhaps @ few, critical pathways in tumor cells may be
sufficient to kill them end provide significant clinical benefit, As
examples, treatment of patients with stable phase chronic myeloge-
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Fig, 4. Effccts of mansicnt and slable suppression of BRAF or CRAF cxprossian in WM 793 cells. In 4, W93 celly were transfecied with siRNA dirceied sgainst Lamin AZC (L),
BRAF (4), BRAFY*™% (4), and CRAF (C) and analyzed for specific protcin expression al 24, 48, and 56 h post-tansfection, Tn B, WMT93 cells were atably transfected with
pSUPCR.retra (vector) or shRNA direcicd against CRAF (C-1), subjected 1o anribiatic scleclion, and gsseased for knockdown of C-Rel, activated MEK (p-MEK), lotal MEK (1-MEK),
end actin levels, The posiiiom of the A, 45,000 phospho- and tatel-MEK. |72 proicing arc indicated. Tn C, WM793 eclls werm siahly transfected with pSUPER.1etro, Com.d shRNA
against BRAF, C-1 shRNA against C-Raf, or Mu-A shRNA against BRAF*¥**F and platcd onta semisalid medin. Colonies were counted snd photographed afier 30 days of growth

{magnificetion: X4D}. There results are rep lative of (wo indcpendenl experiments,

nous leukemia or advanced gastrointestinal stromal turnors with ime-
tinib mesylatc, a small molecule inhibitor of the ABL and KIT tyrosine
kinases, respectively, induces dramatic remissions with minimal tox-
icity (16, 17). Importantly, the responses of chronic myelogenous
leukemia and gastrointestinal stromal tumor paticnts to imatinib cor-
relates with the drug’s ability to inhibit the kinasc activitics of Ber-
Abl end mutant c-kit (18, 19), respectively. These results suggest that
essential pathways may exist in other malignancies and thet biochem-
ical confirmation of the cffectiveness of molecularly targeted thera-
- pies may be predistive of clinical efficacy.
Our findings suggest that the BRAF*¥"°€ mutation commonly
found in malignant melanomes may represent a therapentic target

anelogous to BCR-ABL and KIT. We have demonstrated here that
knockdown of BRAF expression and inhibition of downstream sig-
neling in WM793 human melanoma cells causes growth orrest and
promotes apoplosis under adherent conditions, and prevents colony
formation in suspenston. These observations have been preliminanly
extcnded to a8 second melanoma cell line known to conlein Lhe
BRAF"*% mutation (data not shown). These effects were specific to
BRAF, as suppression of CRAF friled to inhibit downstream phos-
phorylation of MEK and did not appreciably alter the biological
propsrties of these cells. Moreaver, these effects were specific to
melanoma cells, because human fibrosarcoms cells were impervious
to suppression of BRAF cxpression,

5201




DRAFE SUPPRESSION W HUMAN MELAMOMA

Currenlly, n Raf Kinase inhibitor, BAY 43-9005 (20), is undergoing
worldwide ¢linical evalustion in Phasc [ and 11 irials in patients with
a variety of malignancies, including metanoma, However, BAY 43—
9006 inhibils both B-Rafl and C-Raf kinase aclivities,” and any bea-
cficial or adverse effeets of (reatmenl may thercfore resuit from
simultaneous inhibition of both kinases. Our resulls sugpest (hat
largeted inhibition of B-Raf specifically in such tumors may be
equally cificacious and perhaps associaled with less toxicily.

That CRAF expression was dispensable, for the transformed pheno-
type in human melanoma cells was somewhal surprising. As the fies(
of the three Raf family isoforms identified, a large body of evidence
exisls expioring the transforming propenties of CRAF in mammalian
cell systems. These propertics, however, are exquisilely dependent on
cellular context (7); for cxample, although a constitutively active form
of CRAF can readily transform NIH 3T3 cells, it is unable to do so in
RIE-1 cells (21). More recent experiments involving targeted discup-
tion and mutation of Raf isoforms in mice implicate B-Raf as the more
potent activator of MEK in many cell and tissue types (22} The
minimal effects on transformation of CRAF suppression in the mel-
anoma cells studicd here suggest that this isofonn may not always be
the predominant effector of MAPK signaling in humaen cells cither.

In summary, we find that suppression of BRAFY**% in WM793
human melanoma cells abrogates their transformed phenotype and
conclude, therefore, that agents that specifically inhibit ectivated
BRAF, and not CRAF, might be particuiarly efficacious in melanomas,
and perhaps other tumar types, that harbor aclivating mutations in this
‘pmlo~oncogcne.
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Ahstract

Protein kinase B or Akt (PKB/Ak() is & serine/threonine kinase, which in mammals comprises three highly homolegous members known
a5 PKBa (Aktl), PKB (Ake2), and PKBy (Akt3). PKB/AK? is activated in cells exposed to diverse stimuli such as hommones, growth
factors, end extracellular matrix components, The aclivation mechenism remains to be fully characterised but occurs downstream of
phosphoinositide 3-kinase (PI-3K). PI-3K generates phosphatidylinosito]-3,4,5-trisphosphate (PIP3), 2 lipid second messenger essential for
the translocation of PKB/Akt to the plasma membrane where it is phosphorylated and activaied by phosphoinositide-dependent kinase-
(PDK-1) and possibly other kinases. PKB/Akt phosphorylates and regulates the function of meny ccllular proteins involved in processes that
include metabolism, apoptosis, and proliferation. Recent evidence indicates that PKB/AKt is frequently constitutively active in many types of
human cancer. Constitutive PKB/AkL activetion can oceur due to amplification of PKB/A4: genes or as a result of mutations in components of
the signelling pathway that activates PKB/Akt Although the mechanisms have not yet been fully characterised, constitutive PKB/Akt
signalling is believed to promote proliferation and increased cell survival and thereby contributing to cancer progression, This review surveys
recent developments in understanding the mechanisms and consequences of PKB/Akt activation in human malignancy. © 2002 Elsevier
Science Inc. All rights reserved.

Keywords: Akt Proicin kinase B; Apoptosis; Tumonrigenesis; Proliferalion

1. Introduction

Duning cancer development, tumour cells acquire a
number of phenotypic characteristics that allow them to
proliferate both rapidly and limitlcssly, invade the surround-
ing tissue, survive without their normal microenvironment,
and finally, metastasise to sccondary sites [1]. These fea-
tures are usually acquired progressively over & protracted
peried of time as a result of increasing genomic instability
that lcads to up-rcgulation of oncogenes and down-regu-
lation of tumour suppressor genes. As a result of intensive
worldwide rescarch activity in the last few years, the major
signalling pathways that are altered dunng tumourigenesis,
and how these pathways link to dysregulated processes such
as proliferation and survivel, are being clucidated. The
serine/threonine protein kinase, protcin kinase B or Akt
(PKB/Akt), has emerged as a crucial regulator of widely
divergent celiular processes including apoptosis, prolifera-

* Corresponding suthor. Tel.: +44-161-275-5496; fax; +44-161-275-
5600,
E-mail address: neil.anderson@men.acuk (N.G. Andertan).

tion, differentiation, and metabolism. Disruption of normal
PKB/Akt signalling has now been documented as a frequent
oceurrence in several human cancers and the enzyme
appears to play an important role in their progression, The
main purpose of this review is to discuss potential mecha-
nisms by which PKB/Akt signalling could contribute to
cancer progression. Several rccent reviews contain detailed
descriptions of PKB/Akt structure and its molecular mech-
anism of activation [2~4] and these aspests will be covered
only briefly here.

2. Structural features of PKB/Akt proteins

The PKB/Akt story began with the isolation of two
genes, nemed Akrf and 4k2, which were identified as
human homologucs of the viral oncogene w-akt, previcusly
known to cause a form of leukaemia in mice [5). Sub-
sequently, three independent studies revealed that v-akt and
its mammalian homologues encoded a protein kinase with
some similarities to protein kinase C (PKC) and protein
kinase A (PKA) [6—8]. Its rclatedness to PKA and PKC
led to it being named PKB by the zuthors of one of these

(838-6568/0145 - scc front maner & 2002 Elsevier Science Inc. Al rights reserved.
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studies. To date, three members of the family have been
isolated and these are now referred to as PKBa (or Aktl),
PKB{ {Aki2), and PKBy (Akt3). They are products of
distinct genes but are highly related, exhibiting greater
than 80% homology at the amino acid level, The three
genes arc cxpressed differentially, with PKBo/Akil and
PKBP/AKt2 displaying fairly broad and PKBy/Akt3 more
restricted tissue distribution. The major structural features
of the PKB/Akt proteins are illustrated in Fig. 1. Each
isoform possesses an N-terminal pleckstrin homology (PH)
domain of approximately 100 amino acids. Recent detailed
structural examination of PKB/Akt PH domains reveals
similarity to PH domains found in other signalling mole-
cules that bind 3-phosphoinositides [9,10]. This, together
with evidence from earlicr in vitro studies, indicates that
the PH domain mediates binding of PKB/Akt to 3-phos-
phoinositides (sec Section 3.1). The PH domsin is fol-
lowed by the kinasc catalytic domain, which shows a high
degree of similarity to those found in PKA and PKC
[11,12). Also present in this region is a threonine residue
(T308 in PKBo/Aktl) whose phosphorylation is necessary
for activation of PKB/Akt. Foliowing the kinase domain is
8 hydrophobic C-terminal tail containing a second regu-
latory phosphorylation site (5473 in PKBo/Aktl}. Phos-
pheryiation at T308 and 5473 occurs in response to
growth factors and other extracellular stimuli and is
essential for maximal PKB/Akt activation [13] (see Section
3.1). PKB/Akt may also be phosphorylated on $124 and

T450 but ncither of these sites appears to regulate PKB/
Akt activity and their phosphorylation does not change
following cell stimulation [i3].

Splice varants of PKB+y/Akt3 lacking the Ser472 phos-
phorylation site have been identified [14,15]. The human
variant, PKBvyl, appears to be regulated differently from
that of full-length PKB~/Akt3 in a manner that suggests that
the absence of the second phosphorylation site limits its
maximal potential for both mombrane translocation and
catalytic activation [15].

3. Regulation of PKB/Akt activity

3.1. Phosphoinositide 3-kinase (PI-3K)}-dependent
activation of PKB/Akt

Although originally suspected of being involved in the
regulation of cel! growth, its central rolc in signalling only
became apparent when PKB/Akt was shown to be a
downstream target for PI1-3K [16,17]. The cellular activation
of PKB/Akt is dependent upon the generation of mositol-
containing membrane lipids phosphorylated by PI-3K at the
D3-0OH group on the inosito] ring, A number of studies have
documented PI-3K-independent activation of PXB/Akt in
various cell systems (see Ref. [4]) but, as the physiological
significance of these findings remains uncertain, they will
not be discussed further here.

PKBa/Akt1

PKBRAKE

186 107 148

PKBy/AK3

PKBy-1

A5

Fig. 1. Domain structure of the (hree human PKB/Akt isoforms and the PKBy/Akt3 splice variant. Each isoform consists of an N-terminal PH domain
containing # region (shown in hatched bars) for binding inesito! phosphalipids, s kinase domain, and a C-termingl regulstory domain. Residues conlained
within diamonds ere serine and threenine sites inducibly phosphorylated in response lo varipus c¢ll stimuli. Other residues in FKBa/Aktl known o be
phosphorylated constitutively but not thought to regulste catalylic activity arc also highlighted. Tyrosine residues Y315 and Y326 have rzcently been dessribed
as having a potential role in the regulation of PKBa/Akt) sctivity. The equivalent phosphorylation sites in PKBS/AK2, PKBv/Ak®, end PKBy! have been

oblained from sequence dalabases, Further details are given in Section 2.
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PKB/Akt is activated downstream of Class 1, and Class
Ip FI-3K, which are activated by tyrosine kinase and
G-protein-coupled receptors, respectively. Following its
recruitment to these receptors in the plasma membrane,
PI-3K is activated and phosphorylates phosphatidylinosi-
tol-4,5-bisphosphate (P1P;) on the 3-OH group generating
the second messenger phosphatidylinositol-3,4,5-trisphos-
phate (P1Py). PIP; levels are tightly regulated by the action
of phosphatases such as PTEN, which remaves phosphate
from the 3-OH pasition, and SHIP, which dephosphorylates
at the 5-OH position (see Section 4.4). PIP; does not
activate PKB/Akt directly but instead appears to recruit
PKB/Akt to the plasma membrane and to alter its conforma-
tion to allow subsequent phosphorylation by the phosphoi-
nositide-dependent kinase-1 (PDK-1) (Fig. 2).

PDK-1 is 2 63-kDa serine/threonine kinase containing a
C-terminal PH domain that binds with high affinity to
3-phosphoinositides. PDK-1 phosphorylates PKB/Akt in
the activation loop, which reguiates access to the catalytic
site of PKB/Akt. Phosphorylation of this site (T308 in
PKBo/Aktl) in vitro is enhanced by 3-phosphoinositides
and it has been suggested that the lipids induce both a
favourable conformation of PKB/Akt (and possibly PDK-1)
allowing access to the acceptor phosphorylation site and
also colocalisation of the two proteins in the lipid micro-
caviconment [18,19].

Although phosphorylation at T308 partially activates
PKB/Akt [13], full activation of PKB/Akt requires phosphor-
ylation on a sccond site (§473 in PKBo/Aktl)} located in the
regulatory tail. The mechanism mediating $473 phosphor-
ylation remains controversial. Balendran ¢t al. [20] showed
that, following phosphorylation of PKB/Akt at T308, PDK-1
converts to a 5473 kinase as a result of its interaction with the
singly phospharylated PKB/Akt and a fragment of & protein
known as PRK-2, Modification of 8473 has also been shown

to occur through autophosphorylation [21]. Other findings
suggest that 5473 is modified by a distinct kinase or PDK-2,
Although in most situations phosphorylation of PKB/Akt at
8473 in intact cells occurs in tandem with that at T308, a
number of studics have shown that phosphorylation at the
two sites can occur indcpendently {13,22]. Furthermore,
PDK-1 null embryonic stern cclls maintain the ability to
undergo 5473 phosphorylation [23] and a recent study
showed that 8473 phosphorylation could be stimulated by
insulin in the absence of T308 phosphorylation and PKB/Akt
activation, indicating the existence of a ligand-activatable
PDK-2 [24]. The integrin-linked kinase (ILK) was shown to
phosphorylate 5473 [25] but a subsequent report suggested
that ILK acts only as a facilitator and does not phosphor-
ylate PKB/Akt directly [26). A more recent study showed
that ILK could phosphorylate PKB/Akt on S473 and that
the kinase activity of ILK was essential for S473 phosphor-
ylation in cells. A novel ILK-specific inhibitor also blecked
8473 phosphorylation of PKB/Akt [27]. Thesc studies

" strongly suggest that ILK plays some role in the activation

process bul whether it phosphorylates PKB/Akt directly
remains an open question, Clearly, the regulation of PKB/
Akt is complex and, at this stage, not fully understood.
Although there is cvidence for independent regulation of
8473, because phasphorylation at this site alone has not
been shown to increase PKB/Akt activity, the physiclogical
significance of these findings is unclear,

Finally, a recent report documented evidcnce that PKB/
Akt activation requires the phosphorylation of two tyrosine
residues in the activation loop (Y315 and Y326 in PKBo/
Aktl) [28). These modifications were shown to be depend-
ent on src family tyrosine kinases, If confirmed then these
findings add further to the complexity of PKB/Akt regu-
lation and could be particularly relevant in cancer cells
where src family kinases are frequently overexpressed.

manbrane

Fig. 2. Mechenism of activation of PKB/Akt, In unstimulated cells PKB/AkL is not phosphorylated on T308 or 8473 end resides mainly in the eytosol,
Following growth factor {GF) activation of receplor tyrosine kinases (RTKs, or other cell surface reeeptors, not shawn), P1-3X is recruited to the receptor and
activeted resulting in the production of PiPy. This recruits PKB/Akt to the membrane where it is phosphorylated on T308 within the catalytic domain by PDK-1
and on 3473 within the tegulatory domein by an ill-defined mechanism, possibly involving (a) eutophosphorylation, (b) PDK-1, (¢} ILK, or (d) an unidentified
PDK-2. PKB/AKt is then released from the membrane and irenslocotes to other suhcellular compariments. Further detnils are glven in Scction 3.1.
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3.2. Regulation of PKB/4kt dephosphorylation

Theoretically, the activation status of PKB/Akt in cells
will depend upon the balance between the “on™ signals
generated by elevated PPy levels and the influence of “off™
signals that lead to PKB/Akt dephosphorylation. Several
lines of evidence indicatc that PKB/Akt phosphatases par-
ticipate in both ihe positive and negative regulation of PKB/
Akt, PKB/Akt can be activated by treating cells with
inhibitors of protein serine/threonine phosphatases such as
okadaic acid [29). Since activation of PKB/Akt by okadaic
acid was reported to be resistant to inhibition of PI-3K {29],
a protcin phosphatase, possibly PP2A, may act to constrain
PKB/Akt in a dephesphorylated inactive statc in resting
cells. More recent studics suggest that additional interacting
proteins, such as the 90-kDa heat-shock protein Hsp90, are
‘pecessary to prevent phosphatase zceess during the activa-
tion of PKB/Akt [30].

Attenuation of PI-3K activation lcads to a mpid dephos-
phorylation at 8473 and (more slowly) T308, accompanied
by loss of PKB/Akt activity, indicating that PIP; constrains
phosphatase action as well as promotes PDK-1 activation
[31]. The inactivation of PKB/Akt by ceramide [32] and
osmotic stress [33,34] occurs predominantly via 5473
dephosphorylation by an okadaic acid-sensitive phospha-
tase. Dephosphorylation of T308 appears to occur inde-
pendently [32] and a recent study suggests, controversiaily,
that PDK-] participatcs in the dephosphorylation of T308
by an unknown mechanism [35].

4. PKB/Akt in human cancer
4.1. Gene amplification

As noted above, Akt was first identificd as a component
of a fusion product of the retroviral oncogene v-air that
causes leukaemia in mice [6]. No modified or mutated Akt
genes have been found in mammals. However, a number of
studies have discovered PKB/Akt gene amplifications in
human cancers. The work that originally identified A/ as
a potential human oncogene detected amplification of
PKBo/Akt! in a single gastric carcinoma [5). PKB{/Ak2
gene amplification has been found in ovarian, pancreatic,
gastric, and breast tumours {36,37). PKBR/4kt2 amplifica-
tion was particularly associated with high-grade aggressive
ovarian tumours and appears to occur as part of the frequent
amnplification of the 19q13.1—ql3.2 chromosoma) region
[38]. One study documented PKBy/Akt3 mRNA overex-
pression and sclective activation of the protein by growth
factors in hormone-independent breast and prostate cancer
cell lines [39). Qverall, these studies indicate that PXB/Ak2
gene amplification, particularly PKB{/Ak2, may be a frc-
quent occurrence in several human cancers. However,
although one study reported increased PKBR/AkL2 protein
expression in pancreatic tumours with corresponding PRBR/

Akt2 gene amplification [40], there remains litle docu-
mentation of PKB/Akt protein Jevels and activation in
clinical material,

4.2. PI-3K gene amplification

The PIK3CA gene, which encodes thc pll0q catalytic
subunit of PI-3K, is located on chromosome 3926, a region
that is frequently amplified in a number of human cancers.
Recent studies have confirmed amplification of PIK3CA in
ovarian [41} and cervical [42] tumours. Furthermore, cor-
responding cell lines harbouring this alteration display
enhanced PI-3K catalytic activity and growth that is
strongly suppressed by PI-3K inhibitors, suggesting that
PI-3K is oncogenic at least in these turnour types.

4.3, Activation of upstream regulaiors of PI-3K

PI-3K is activated as a result of the ligand-dependent
activation of tyrosine kinase receptors, G-protein-coupled
receptors, or integrins, Receptor-independent activation can
also occur, for example, in cells expressing constitutively
active Ras proteins [43,44]. As cell surface receptors are
commonly overexpressed or constitutively active in many
human cancers (see Ref. [45]), downstream signalling path-
ways are often activated as a result. One of the most
extengively studied examples is the erbB2 tyrosine kinase
receptor, which is overexpressed as a result of gene amp-
lification in a large number of breast and other ¢ancers
(see Ref [46]). Although erbB2 overexpression is associ-
ated with particularly aggressive disease and poor patient
prognosis, studies with transgenic mice indicate that erbB2
by itself may be insufficient for transformation [47]. ErbB2
is an orphan receptor with no defined ligand, which instead
acts as a dimerisation pariner for other members of the erbB
family. ErbB2-containing heterodimers are potent activators
of multiple signalling pathways involved in proliferation,
invasion, and survival [48). Studics in brecast cancer cells,
primary breast tumours, and transgenic mice all indicate
that erbB2, when overexpressed, is constitutively associated
with erbB3 [47)]. Because erbB3 possesses seven phosphor-
ylatable tyrosine residues that act as binding sites for the
SH2 domains of the p8S5 regulatory subunit of P1-3K {49],
erbB2—erbB3 dimers strongly activate the PI-3K-PKB/Akt
pathway. This provides a basis for data showing that
tumour cells overexpressing erbB2 display constitutive
PKB/Akt activity [50]. Indeed, recent data indicate that
the PKB/Akt pathway may play 8 major role in stimulating
proliferation and survival in erbB2-overexpressing cells
(see Section 5.2),

4.4. PIP; phosphatases
PTEN (also known as MMAC! or TEP1} is a dual-

function lipid and protein phosphatase that was originally
identified as a tumour suppressor gene frequently mutated in
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the advanced stages of a number of human cancers, par-
ticularly glioblastoma, endometrial, and prostate cancers. In
addition, germhine mutations in PTEN give risc to the rare
autosomal dominant inherited humen cancer syndrome
known as Cowden's disease, which is associated with
increased risk of developing breast and other cancers (see
Ref. [51]). The results of studies in which PTEN has been
overexpressed in various cell lines suggest that PTEN acts
as a tumour suppressor by inhibiting cell growth [52] and
increasing susceptibility to apoptosis and anoikis [53]. The
main physiological lipid substrate for PTEN is PIP;, the
product of PI-3K. PTEN dephosphorylates PIPy at the D3
position and thus acts as a negative regulator of PI-3K
signalling. indeed, PTEN-null embryonic fibroblasts display
elevated PIP; levels and constitutive PKB/Akt activity,
indicating that PTEN acts to constrain the pathway in
unstimulated cells [54]. Absence of PTEN also strongly
correlates with activation of PKB/Akt in tumour cell lines
[55,56]. Conversely, reexpression of PTEN in cells lacking
PTEN down-regulates PKB/Akt phosphorylation {57] as
well as reversing the phosphoryiation of PKB/Akt celtular
substrates such as BAD [58] (see Section 5.1.2), Although
PTEN is believed to negatively regulate PKB/Akt activation
primarily through PIP; dephosphorylation, recent studies
indicate additional mechanisms. PTEN expresses protein
phosphatase activity against a number of substrates and
recently was shown to dephosphorylate ILK [59]), which is
implicated in the mcchanism through which PKB/Akt is
activated (see Section 4.1).

Because PTEN, through both its lipid and protein
phosphatase activities, probably regulates a number of
signalling pathways, an important qucstion is to what
extent does the PKCB/Akt activation seen in PTEN-deficient
cells contribute to increased growth and resistance to
apoptosis? This question has rccently been addressed in a
study by Weng et al. [60], who showed that the antigrowth
effects of PTEN are mediated by both PKB/Akt-dependent
and -independent pathways, whereas the proapoptotic
effects of PTEN are mostly PKB/Akt-dependent. The
mechanisms by which PKB/Akt mediates PTEN-induced
growth arrest and apoptosis remain unclear but a recent
study demonstrated a major role for forkhead transcription
factors (sec Section 5.1.1) [61].

Although PTEN, because of its frequent alteration in
human cancers, has attracted most interest, it is clear from
recent work that cells possess additional mechanisms for
down-regulating PIP; signalling. SHIPs are SH2-domain-
containing inositol phosphatases that dephosphorylatc PIP;
at the 5 position (scc Ref. [62)). Two forms of SHIP have
been identified to date; SHIP is expressed predominantly in
haematopoictic cells, whereas SHIP-2 is more widely
expressed. Recent studies have implicated SHIPs as crucial
ncgative regulators of myeloid cell activation [63,64] and
glioblastoma cell proliferation [65]. In both cases, the
cffects of SHIP have been linked to inactivation of PKB/
Akt. Although there are no reports documenting loss of

SHIP or SHIP-2 in human tumours, the above studies
indicate that such alterations could have a major impact
on PKB/Akt signalling and should be investigated,

5. Cellular processes regulated by PKB/Ake

The number of identificd physiological PKB/Akt sub-
strates is expanding rapidly. Predicting whether a protein is
phosphorylated by PKB/Akt has been aided by studies
defining a minimal consensus peptide scquence Arg-Xaa-
Arg-Xag-Xaa-[Ser/Thr]-Hyd (where Xaa is any amino acid
and Hyd is a bulky hydrophobic amino acid) for phosphor-
ylation by PKB/Akt [66,67]. A survey of the Swiss-Prot
database in February 2001 using Scansite identified this
sequence 551 times in 446 protein entrics. Clearly, there
must be additional higher-order structural requirements for
PKB/Akt recognition and phosphorylation of substrates in
vivo. Subcellular location is also important. In resting non-
stimulated cells, the majority of PKB/Akt resides in the
cytoplasm, Activation of PKB/Akt occurs at the plasma
membrane and has been shown in several studies to be
followed by its translocation to both the cytosol and nucleus
[68-72]. It is noteworthy that many of the substrates of
PKB/Akt are protcins that funclion in the nucleus (see
below). A list of proteins, suggested by studies in infact
cells to be physiological substrates of PKB/Akt, is shown in
Table 1. In most cases, the functional consequences of PKB/
Akt phosphorylation have been defined. Linking this
information with the known cellular functions of some of
these proteing hes led to conclusions that PKB/Akt regulates
apoplosis, proliferation, and other processes. In this section,
we discuss recent progress in this area with an emphasis on
how disrupted PKB/Akt signalling may affect the pheno-
typic behaviour of cancer cells.

5.1. Involvement of PKB/AR in prosurvival and
antiapoptotic mechanisms

The intrinsic capacity of all cells to undergo apoptosis is
suppressed by survival signals induced by factors within
their immediate microenvironment. Studies conducted over
the last 4—5 years conclusively show that PKB/Akt is
critical for cell survival triggered by growth factors, extra-
cellular matrix, and other stimuli (see Ref. [3]). For
example, dominant negative alleles of PKB/Akt reduce
the ability of growth factors and other stimuli to maintain
cell survival whereas overexpression of wild type or
activated Akt can rescue cells from apoptosis induced by
various stress signals [44,73-75]. Although there can be
little doubt that PKB/Akt promotes cell survival, the
mechanisms involved have only recently begun to emerge.
Propress in this direction has come mainly through the
identification of PKXB/Akt substrates, that either participate
directly in the apoptotic cascade or regulate the transcrip-
tion of pro- and antizpoptotic gencs. Targets of PKB/Akt
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Table |

FEKB/Akt substrates

Substrate Phosphorylation site Effect References

Prosurvival

ASK] SceBd inhibition of stress-activaied kinascs [107)

BAD Serl3é essoctation of BAD with 14-3-3 proteins; 94,95,190)
suppression of BAD-induced cell death

CRER Serl33 increased transcription of CREB-regulated survival genes [%0)

Forkhead fsmily
(FKHR, FKHRLI, AFX)

The2d, Ser256, Serd1¥ (FKHR)

Thr32, 8er253, Serd 15 (FKHRL1)

promoies nuclear exclusion; sssociation with 14-3-3 proteins;
prevention of transcription of prospoplotic genes

[76-79,19i,192)

Thr28, Ser193, Ser25§ (AFX)

Ix-B kinase Thrd} induction of NF-xB transcriplional activity (86,87
Procaspase-9 Serl96 suppression of caspase-9-induced cell death [108)
Cell cycle progression
GSK-3-0, f Ser2| (o), Serd () inhibition of GSK-3 catalytic activity {118)
mTORFRAP Thr2446, Scr2448 modulation of mRNA translation? [135.136]
p2 | WAs Thr145 cell cycle progression [141,142]
Others
AR Ser210, Ser790 decreased tanscription of AR-regulaled penes; {169)

) medulation of AR-mediated apoptosis
BRCAI Thr509 nucleocytoplasmic localisation? [11:1)]
ER-& Ser167 increased transcription of ER-regulated genes [168]
eNOS§ Ser1177 activation of eNOS; production of nitrle oxide [155-137)
Nur7? Ser350 reduced transcriptional activity (193]
¢-Raf Ser259 inhibition of c-Raf signalling [194]
B-Rof Ser364, Serd28 inhibition of B-Ral ectivity [195]
Telomerase reverse Ser227, Scrii4 [174]

transeripmse subunit

enhanced telomerase activity

signalling that ar¢ believed to promote cell survival arc
illustrated in Fig. 3.

3.1.1. Transcriptional regulation of pro- and
antiapoptolic genes

One means by which PKXB/Akt may promote cell sur-
vival is by dircctly phosphorylating transcription factors that
control the expression of pro- and antiapoptotic genes. PKB/
Akt appears to both negatively regulate factors that promote
the expression of death genes and positively regulate factars
that induce survival genes. An example of the former is the
forkhead family of transcription factors. The three identified
mammalian members of the forkhead family, FKHR,
FKHRL], and AFX, all contain consensus PKB/Akt phos-
phorylation sequences, which can be effectively phosphory-
lated by PKB/Akt in vitro [76-78]. Other studies have
shown that stimulation of cells with various growth factors
leads to forkhcad protein phosphorylation via the PKB/Akt
pathway [79,80]. Phosphorylation of forkhead proteins by
PKB/Akt appears to alter their subcellular location. In the
absence of PKB/Akt activation, forkhead proteins reside
predominantly in the nuclcus where they are able to promote
transcription of proapoptotic target genes such as Fas-L,
IGFBPI, and Bim, through specific DNA elements in their
promoters [77,81]. Stimulation of cells with factors that
increase PKB/Akt activity leads to the export of FKHRLI1
from the nucleus [76) and its accumulation and sequest-

ration by 14-3-3 proteins in the cytoplasm [77]. The role of
14-3-3 proteins in this process is analogous to their par-
ticipation in the sequestration of BAD following its phos-
phorylation by PKB/Akt (see Section 5.1.2). 14-3-3 proteins
may therefore have a more generalised role in removing
phosphorylated PKB/Akt substratc proteins from their site
of action. Mutants of FKHRLI1 that cannot be phosphory-
lated by PKB/Akt do not undergo nuclear export [77).
Recent studies on AFX indicate that although its phospho-
rylation by PKB/Akt occurs primarily in the nucleus, the
phosphorylation has no effect on nuclear export but instcad
blocks reentry to the nucleus [82) and thereby affects the
steady-state distribution of AFX between the two compart-
ments. Thus, modification of AFX and perhaps other fork-
head family proteins by PKB/Akt would appear to require
translocation of active PKB/ALt to the nucleus. As already
mentioned, nuclear translocation of PKB/Akt can be dem-
onstrated in cells treated with growth factors but may only
oceur as a result of sustained PKB/Akt activation. Assess-
ment of forkhead protein location in cancer cells with
constitutive PKB/Akt activity may indicate whether this
pathway is important for cell survival in cancer. it is worth
noting that, although PKB/Akt appears to play a major role
in forkhead phosphorylation, another PI-3K-dependent pro-
tein kinase, known as serum and glucocorticoid-regulated
kinase (SGK), also phosphorylates these proteins [83).
Indecd, as the pattemns of FKHRL1 phospherylation induced

ps
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PKB/Akt

Fig. 3. Regulation of cell survival by PKB/Akt. PKB/Akt promotes cell survival by multiple mechanisms: (1) decreasing the trenscription of death genes by
phosphorylating forkhead family wanscription factors such as FKHR, which promotes their sequestration by 14-3-3 proteins in the cytoplasm, (2) increasing the
transcription of survival genes by aclivating NF-wB and CREB transcription factors, {3) phosphorytating end ineclivating the proapoplelic protein BAD, and
(4} maintaining mitochondrial integrity by activating hexokinase. The dircct PKB/Akt substrates that mediate thesc cvents arc represented as black boxes.
Although substrates are placed in perticular subcellular localisations, in most cases, the location in which PKB/AkL phosphorylation takes place is uncertain,

Further deleils are given in Section 5.1,

by the two kinascs arc distinct, it may be thet modification
of FKHRL1 function requires the coordinated input from
both kinases [83].

A recent study reported a novel function for FKHR as a
coregulator of certain steroid receptors including the estro-
gen rcccptor (ER) [84]. Intriguingly, overexpression of
FKHR inhibited estrogen-driven proliferation in breast can-
cer cells. Although not tested, one would predict that PKB/
Akt signalling could also affect this nuclear function of
FKHR by inducing its redistribution to the cytoplasm, This
in turn may have major implications for estrogen-driven
growth in breast cancer cells.

In addition to nepatively regulating forkhead activity,
PKB/AKkt appears to positively rcgulate at least two other
transcription factors. NF-<B is involved in the regulation of
cell proliforation, apoptosis, and survival by a wide range of
cytokines and growth factors. Numerous studies also indi-
cate that it is critical in tumourigenesis (see Ref. [85]). Its
survival-promoting activity is mediated through its ability to

induce prosurvival genes such as ¢-JAP-1 and e-fAP-2, -

NF-sB is regulated through its association with an inhib-
itory cofactor [-xB, which sequesters NF-kB in the cyto-
plasm, Phosphorylation of [-«B by upstream kinases, known
as IKKs, promotes its degradation allowing NF-kB to
translocate to the nucleus and induce target genes (Fig. 3).
PKB/Akt has been shown to interact with and activate
IKK« [86]. Data suggest that PKB/Akt phosphorylates
IKKo directly but more importantly PKB/Akt is believed
to be esscntial for IKK-mediated destruction of 1-xB and
activation of NF-xB [86,87). These findings indicate that

PKB/Akt is a critical regulator of NF-xB-dependent gene
transcription and may play a role in promoting survival in
cancer cells,

The PKB/Akt pathway hes been shown in some cell
types to increase expression of the antiapoptotic gene bel-2
[88,89]. Induction of bel-2 promoter activity by IGF-1 was
shown to occur via @ PKB/Akt pathway involving the cyclic

AMP (cAMP)-response element binding protein (CREB)”

transcription factor. CREB is a direct target for phosphor-
ylation by FKB/Akt [90] and this phosphorylation occurs on
a site that increases binding of CREB to accessory proteins
neccssary for induction of genes containing cAMP respon-
sive elements (CREs) in their promoter regions, CREB has
also been shown to mediate PKB/Akt-induced expression of
another antiapoptotic gene mel-1 [91].

Finally, a recent report [92] indicates a role for PKB/Akt
in regulating the cxpression of ¢-FLIF, a caspase-8 homo-
logue that acts as a dominant negative inhibitor of TNF
receptor family-induced apoptesis and is commonly found
at high lcvels in tumours.” The mechanism by which PKB/
Akt induces c-FLIP has not been characterised but work by
another group showing that NF-xB promotes ¢-FLIP cxpres-
sion [93] suggests that regulation of this. transcription factor
by PKB/Akt may be critical.

3.1.2. Direct phosphorylation of proapoptotic proteins

In addition to influencing the transcription of pro- and
antiapoptotic genes, numerous studies indicate that PKB/
Akt promotes survival by directly phosphorylating key
regulators of the apoptotic cascade. The most widely studied

7
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PKB/Akt

degradation

Fig. 4. Regulotion of cell cycle progression by PKB/AkI. PKB/Akt pramotes cel! ¢ycle progression by multiple mechanisms: {l} phosphorylating CDK
inhibitory proteins p21°"™ and p27*'"™! causing their cytoplasmic sccumulation, {2} decreasing p27*"™! transcriplion by phosphorylsting and negatively
regulating the forkhend family transcription faclor AFX, (3) increasing eyclin D trenscription by stabilising B-catenin through the GSK-3 patbway or by
activating CREB tmnseription factor downstream of mTOR/FRAP, and (4) increasing cyclin D mRNA translation. Dircct PKB/AK substrates thet mediniz
these events are represented in biack hoxes. The subcellular lacstion in which PKB/AKt phosphorylates particular substrates is in most cases uncertain. Further

details are given in Section 5.2,

example of this type of regulation involves BAD, a member
of the Bcl-2 family, which promotes apoptosis by binding ta
and antagonising the actions of prosurvival members of the
Tamily such as Bel-2 and Bel-X.. PKB/Akt can phosphor-
ylate BAD at residue $136 and this modification promotes
the sequestration of BAD by 14-3-3 proteins in the cytosol,
thus preventing BAD from interacting with Bel-2 or Bel-X,
at the mitochondrial membranc [94,95]. PKB/Akt-induced
phosphorylation of BAD may alse occur indirectly, through
intervening protein kinases such as Raf-1 [96] and p65™A%
{97,98]. Aithough these and other studies indicate that PKB/
Akt-dependent phosphorylation of BAD is linked to the
promotion of cell survival in some cellular contexts, this
mechanism cannot operate universally since BAD is not
expressed in all cell types [99). In addition, more recent
studies indicate that phosphorylation of BAD in some cells
occurs via PKB/Akt-independent pathways [98,100- 105],
Moreover, blockade of PKB/Akt signailing has no efect on
BAD phosphorylation or survivel in some cell types [100].
Currently, there is little cvidence conceming the importance
of PKB/Akt-mcdiated BAD phosphoerylation in promoting
ccll survival or resistance to apoptotic stimuli in cancer
cclls. The expression of BAD varies widely among tumour
cell lincs and, although in lines where ils expression is high
BAD is often constitutively phosphorylated {99], there is no
information on whether this is caused by PKB/Akt.
Stress-activated protein kinases (SAPKs) such as JNK
are critically involved in the induction of -apoptosis

following exposure of cells to stimuli such as ionising
radiation, heat shock, or osmotic stress (sce Ref. [106]). A
recent report has provided the first evidence that PKB/Akt
may interfere with SAPK signalling and thereby inhibit
apoptosis. PKB/Akt was shown to phosphorylate and
inactivate ASKI, a kinase that transduces stress signals
to the JNK and p38 MAP kinase pathways [107]. This
type of cross-talk between survival and apoptotic signal-
ling pathways could be important in malignant trans-
formation, since it is believed that tumour cells must
evolve mechanisms to suppress signals that lead to
apoptosis [1].

To this point all of the PKB/Akt targets mentioned
regulate apoptosis prior to the release of cytochrome ¢ from
the mitochondria and activation of the caspase cascade that
characterises the terminal execution phase of apoptosis.
However, data suggesting that PKB/Akt may also influence
postmitochondrial events have also becen reported. Procas-
pase-9, the initiator caspase in the caspase cascade, was
shown to be a substratc for PKBfAkt [10R]). In these
experiments, phosphorylation of human procaspase-9 by
PKB/Akt blocked its intrinsic protease activity and was
shown to be critical for overall regulation of the apoptotic
process. In a more rccent study by Zhou et al, [109],
exogenous PKB/Akt was shown to inhibit the activation
of caspases-9 and -3 induced by cytochrome ¢ in a cell-free
system. However, these authors reported that procaspase-9
was not a direct substrate for PKB/Akt, indicating that PKB/
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Akt inhibits caspase activation by modifying an unknown
cytosolic factor,

5.2. Cell cycle progression

Early studies showing stimulation of PKB/Akt activity
by mitogenic growth factors suggested that PKB/Akt was
invelved in cell cycle progression. The first direct evidence
supporting this idca came from a study showing that over-
expression of PKB/AkE2 accelerated cell eycle progression
and caused transformation in murinc fibroblasts {110]. Mere
recent findings support a role for PKB/Akt during G1-S
phase progression. Transition of cells through the G1/8
checkpoint is regulated by retinoblastoma protein (pRB),
which suppresses the transcription of a battery of genes
required for G1/S traverse. pRB is phosphorylated and
inactivated by cyclin-dependent kinases {CDKs), which,
as their name indicates, require cyclins for activation.
CDXK4, which is dependent on D-type cyclins, is particularly
important for pRB phosphorylation in late G1. CDKs are
also negatively rcgulated by a family of inhibitory proteins
that include p21<*! and p27%'" (see Ref. [1117). A study
by Brennan et al. [112] in T cells first indicated that PKB/
Akt was involved in the regulation of pRB phosphorylation.
More recent evidence indicates that PKB/Akt sipnalling
may do this by controlling the expression or activity of
cyclin D, p275%! and p21°™" (Fig. 4).

5.2.1. Regulation of cyclin D

Overexpression of cyclin D1 has been found in many
human cancers, particularly breast cancer, where the protein
is up-regulated in at least 50% of all cases [113}, Elevated
cyclin D1 levels result in shortened cell cycle times and
thereby contribute -dircctly to tumour progression. Cyclin
Dl expression is controlled via multiple coordinate signals
that alter gene transcription, mRNA translation, end protein
stability. Accumulating evidence suggests that PKB/Akt can
regulate cyclin DI at each of these levels [114~116].

5.2.1.1. Rele of glycogen synthase kinase 3 (GSK-3). GSK-3
was onginally characterised as an enzyme important in
regulating glycogen synthesis in insulin-responsive tissucs
{117). In order to promote glycogen synthesis, insulin
causes inactivation of GSK-3 via the PKB/Akt pathway.
Phosphorylation of GSK-3-o by PKB/AKt at residuc S9
inactivates the enzyme [118] and recent studies have shown
that PKB/Akt is essential for GSK-3 inactivation in intact
cells (119]. GSK-3 is now known to play diverse roles in
many cellular processes including differentiation, prolifera-
tion, and transformation (see Refs, [120,121]). Although the
mechanisms by which GSK-3 participates in oncogenic
transformation are incompletely understood, they are likely
to include effects on cyclin D1, Firstly, GSK-3 has been
shown te phosphorylate cyclin D1 on a site that promotes its
degradation via the proteasome pathway [122], suggesting
that PKB/Akt, by inactivating GSK-3, could stabilise cyclin

D1 protein, Another target for GSK-3 phosphorylation is
B-catenin. In its unphosphorylatcd state, 5-catenin binds to
and increascs the activity of LEF transcription factors, one
of whose gene targets is cyclin D [123]. Phosphorylation by
GSK-3 increases the degradation of B-catenin via the ubig-
uitin—protcasome pathway [124] and thereby reduces LEF-
mediated transcription. Recent data showing that B-catenin
expression correlated with cyclin D levels in breast cancers
suggest that this is an important regulatory system in these
tumours [125]. In addition, (-catenin mutants that cannot be
phosphorylated by GSK-3 are found in some cancers
{126,127), supporting the idca that GSK-3 may act as a
tumour suppressor by maintaining the tumover of f-catenin.
Furthermore, GSK-3 and (-catenin exist in a multimeric
complex with at Jeast two other proteins, axin and APC,
both of which arc cssential for GSK-3-mediated phospho-
rylation and degradation of B-catenin. Inactivating mutations
in axin or APC are also strongly associated with tumouri-
goncsis [128,129]. The ncgative regulation of B-catenin
stability by GSK-3 implies that PKB/Akt, by inactivafing
GSK-3, should promote 3-catenin stabilisation, and thereby

increase the transcription of LEF gene targets, including:

cyclin D1. Recent studies indicate that such a pathway may
opcrate downstream of the Wnt family of secreted growth
factors, some of whose members are strongly implicated in
tumourigenesis. PKB/Akt was shown in PC12 cells to
participate in Wnt signalling to (-catenin by binding to a
GSK-3-axin complex and causing GSK-3 phosphoryla-
tion [130]. Whether this is generalised phenomenon is still
unclear since other reports argue against a link between
PKB/Akt and P-catenin. Thus, activation of PKB/Akt did
not alter P-catenin levels in fibroblasts [131] and PTEN
was reported to regulate J-catenin stability and LEF activity
in prostate cancer ceils via a mechanism thatdid not involve a
major contribution from PKB/Akt [132].

Finally, in discussing ils potential role in regulating cell
cy¢le progression, it should also be noted that recent studics
indicate that GSK-3 inactivation may also be critical for cell
survival induced by PKB/Akt [133]. These conclusions
were drawn from studies showing that overexpression of
GSK-3 caused apoptosis in Rat.] or PC-12 cells. The
substrates of GSK-3 that mediate its effects on apoptosis
remain to be identificd,

3.2.1.2. mTOR/FRAF. Mitogenic stimuli ars known o
increase the synthesis of a particular subset of protsins
necded for cell growth and proliferation. This is achieved
in part through signals that up-regulate the ribosomal trans-
lation of the corresponding mRNAs. Among the mRNA
species whose translation is increased are c-Myc and cyclin
D. The PI-3K-related protein kinase known as mTOR/FRAP
plays & major role in regulating protein synthesis by phos-
phorylating substrates that control mRNA translation (see
Ref. [134]). The regulation of mTOR/FRAP is both unclear
and controversial. Evidence for an involvement of PKB/Akt
in its regulation has come from studies showing that mTOR/

70
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FRAP is a direct substrate of PKB/Akt [135,136]. However,
phosphorylation of mTOR/FRAP by PKB/Akt was shown
subsequently not to affect cither p70%% or 4E-BPI, two
downstream targets of mTOR/FRAP [136], suggesting that
additional signals may be required to alter mTOR/FRAP
function, Nevertheless, PKB/Akt has been shown to promote
the translation of cyclin D mRNA via mTOR/FRAP [116].
Interestingly, a8 PKB/Akt—mTOR/FRAP pathway may also
regulate cyclin [ at the transcriptional [evel by a mechanism
that appears to involve CREB and the CRE found in the
cyclin D promoter [137]. Evidence that mTOR/FRAP is
involved in oncogenic signalling by PKB/Akt has emerged
from recent studies showing firstly that constitutive activa-
tion of PKB/AKkt in prostate cancer cell lines coincided with
increased basal phosphorylation of mTOR/FRAP [136] and,
secondly, that the oncogenic potentials of both PI-3K and
PKB/Akt in an avian fibroblast system, arc mediated by
mTOR/FRAP [138).

Thus, evidence is accumulating that PKB/AkL, by phos-
phorylating downstream targets such as GSK-3 and mTOR/
FRAP, plays a rolc in regulating cellufar cyclin D levels.
However, since other signalling pathways also participate,
an important unanswered question concerns the degree to
which PKB/Akt signalling contributes to the overall regu-
lation of cyclin I expression, particularly in the large
number of breast and other cancers where cyclin D levels
are elevated,

5.2.2. p21'°! and p275*P!

p21<"™ acts s an inhibitor of CDKs, and thereby
inhibits progressicn through the G1 phase of the cell cycle.
Multiple upstrcam signals, notably from the Ras-ERK and
Rho pathways, appear mstrumental in causing the reduction
in p21°™" fevels necessary for cell cycle progression [139).
Although the inhibitory action of p21°™' on CDKs occurs
in the nucleus, it has emerged recently that p21<™ can
localise to the cytosol and participate in the protection of
cells from apoptosis induced by cytotoxic drugs. The
mechanism appears to involve the activation of ASK-1,
a kinase that negatively regulates SAPK signalling [140].
Interestingly, ASK-1 may also be a direct substrate for
PKB/Akt (see Section 5.1,2). Recent work has shown that
p21%""! js a direct substrate of PKB/AKt and that this may
rcgulate the subcellular localisation of p21F'. In one
study, using erbB2-cxpressing breast cancer cells, in which
PKB/Akt was constitutively active, phosphorylation of
p21°"! by PKB/Akt comelated with its exit from the
nucleus and with increased cell cycle progression [141],
The other study showed that phosphorylation of p21<™’
by PKB/Akt reduced its association with CDKs and also
gbrogated its binding to PCNA, a protein required for
DNA replication [142]. However, these authors failed to
find any evidence for redistribution of p21°""! in asso-
ciation with ils phosphorylation by PKB/Akt, Redistribu-
tion to the cytosol may therefors be a feature of cells
overexpressing erbB2.

p27*"®! expression is also down-regulated during G1 and
the protein is often expressed at low or undetectable levels
in many human cancers. Regulation of p275®' is camplex
and occurs at transcriptional, translational, and postiransla-
tional levels. Regulation of p27*®! gene expression is
mediated in part by AFX/forkhcad transcription factors
[143,144], which, as discussed in Section 5.1.1, are major
substrates for PKB/Akt, Since PKXB/Akt-mediated phos-
phorylation of AFX scquesters it in the cytoplasm, sustained
activation of the PKB/Akt pathway, for example, in cells
with nonfunctional PTEN, may cause reduced p27<™
transcription. Indeed, recent reports indicate that one mech-
anism by which PTEN induces growth amest is by up-
regulating p27%*! [53,145-147), although this may not
occur in all cellular contexts [148),

In addition to a possible role in regulating p27*®’ gene
transcription, a recent conference report [149] provided
evidence that p27*"®' can be phosphorylated by PKB/Akt
directly and that this modification leads to sequestration of
p27""' in the cytoplasm in a similar fashion to that
described for p21€"". Interestingly, the modulation of
p275%! subcellular localisation wes also shown to oceur in
erbB2-overexpressing breast cancer cells. Whether these
events are a particular consequence of erbB2 signalling
remains fo be determined.

3.3. Hypoxia, nutrient supply, and angiogenesis

In solid tumours, the effectiveness of chemotherapy is
often limited by factors such as poor vascularisation, gra-
dients of proliferation, and changes in the tumour migro-
environment, which vary according to distance from a blood
vessel [150). As such, hypoxic regions can develop in areas
with limited oxygen and nutrient supply. The ability to
tolerate hypoxia and withstand apoptosis may be required
for tumour progression. PKB/Akt, with its critical role in
cell survival, may have an important function in adaptation
to these adverse environmental changes. In addition, PKB/
Akt signalling appears to play an important role in the
development of angiogenic capability that is necessary for
turnours to expand their mass. For example, evidence is
emerging that PKB/AKt, activated in response to proangio-
genic stimuli such as angiopoietin-1 [151,152] and vascular
endothelial growth factor (VEGF) [153], can prevent endo-
thelial cell apoptosis [154]). PKB/Akt phosphorylates and
activates endeothelial nitric oxide synthase (eNOS)
[155-157] allowing neovascularisation and VEGF-induced
endothelial cell migration [158]. Other components of the
PI-3K-PKB/Akt pathway involved in angiogenesis include
PTEN, which induces the sceretion of thrombospondin-1, a
negative regulator of angiogenesis [156],

A key regulator of the response to hypoxia is the
transcription factor hypoxia inducible factor-] (HIF-Ia).
HIF-1c, which can also be activated, in addition to hypoxia,
by insulin [160] or growth factors [161]), induces the
transcription of various genes involved in angiogenesis

)
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including VEGF and glucose transporters (GLUTs). Recent
studies in breast and prostate cancer cells have shown that
activation of PKB/Akt may lead, via mTOR/FRAP, to the
stabilisation of HIF-Tex and consequently increased produc-
tion of VEGF [161-163],

The role of PKB/Akt in glucose metabolism has been
well documented. In addition to its role in stimulating
glycogen synthesis by phosphorylating GSK-3 (see Section
5.2.1), PKB/Akt promotes translocation of GLUT4 o the
plasma membranc and induces GLUTI gene transcription
(see Ref [164]). A recent study by Izuishi et al. [165]
investigated the role of PKB/Akt in tolerance of cells to
nutrient depletion, These authors hypothesised that such
tolerance may allow tumour progression under hypovascu-
lar conditions. They found that high cellular PKB/Akt
expression was associated with an ability of liver and
pancreatic cancer cell lines to folerate nutrient deprivation
and dcmonstrated, using antisense PKB/Akt RNA con-
structs, that this tolerance was partially dependent upon
PKBo and PKB but not PKBvy. One possible explanation
for these findings derives from recent work by Gottlob et al,
[166]. In this study, examining the regulation of early events
in the apoptotic pathway, the ability of PKB/AK! to block
apoplosis was shown to be dependent upon glucose avail-
ability. Moreover, PKB/Akt caused increased mitochondrial
hexokinase activity, which in tum preserved mitochondrial
integrity by maintaining coupling between ATP synthesis
and glucose metabolism. If such a model is universally
applicable, it may be that in conditions where glucose
supply is limiting, PKB/AkE can prevent apoptosis by
stimulating hexokinase activity, as well as by increasing
the transport of glucosc through up-regulation of GLUTs.

5.4. Other substrates with potential involvement
in tumourigenesis

3.4.1, Estrogen receptor (ER)

The growth and survival of ER paositive breast tumours is
promoted by estrogens as evidenced by the ability of
anticstrogenic drugs such as tamoxifen to regress such
tutnours. The ligand-bourd ER recruits coactivator proteins
and stimulafcs the transcription of target genes such as
c-nyc and c-fos via response clements in their promoters,
Many ER positive tumours that initially respond to anti-
estrogen therapy eventually develop resistance to these
drugs and exhibit estrogen-independent growth, It is
believed that such growth is stimulated by factors such as
EGF and IGF-1 through their ability to causc ligand-
independent ER activation. Recent studics sugpest that the
PKB/Akt pathway mediates these actions [167] and that it
may do so, at least in part, by phosphorylating the ER
directly causing increased transcription of ER-regulated
gones. Additionally, PKB/Akt-mediated phosphorylation
of the ER comelated with celiular resistance to tamoxifcn
{168], suggesting that up-regulation of PKB/Akt may con-
tribute to antiestrogen resistance.

5.4.2. Androgen receptor

In a similar manner to the ER, the androgen reccpior
{AR) mcdiates the actions of androgens by binding to genes
with androgen response clements. This ligand-dependent
activation of the AR is believed to mediate the growth-
promoting actions of androgens and may also play a role in
androgen-induced apoptosis. Like the ER, the AR is also
subject to ligand-independent regulation induced by peptide
growth factors such as EGF and IGF-1. A recent study has
shown that the AR is phosphorylated on two sites by PKB/
Akt and that this leads to inhibition of AR activity and
blockade of androgen-induced apoptosis in a prostate cancer
ccll line [169].

3.4.3. Telomerase reverse (ranscriptase

Unlike most normal human cclls, tclomerase is fre-
quently expressed in tumours and this is believed to be
one mechanism by which cancer cells maintain their telo-
meres and circumvent replicative senescence [170). The
human felomerase complex comprises a reverse transcrip-
tase (TERT) catalytic subunit that uses an RNA component
(TR) to add TTAGGG repeats to chromesome ends. It has
emerged recently that TERT 1s subject to phosphorylation
events that alter telomerase activity [L7i~173). TERT
contains two PKB/Akt conscnsus sites and a recent study
by Kang et al. [174) provided cvidence that both sites were
phosphorylated by PKB/Akt leading to increased telomerase
activily in a melanoma cell line. While no reports of similar
findings in other types of cancer cell have yet appeared,
these data place PKBfAkt in a potentially new role; pro-
moting the immortalisation of cancer cells by preventing
replicative senescence,

3.4.4. Breast cancer suscepibility gene ! (BRCAI)

Susceptibility to ecarly-onset breast and ovarian cancers
is often caused by germline mutations in the BRCAT gene
[175). BRCAJ has been shown to slow tumour growth
[176¢] and, although its precise cellular function has not
been clearly defined, it appears to be required for DNA
recombination and repair [177,178). BRCAI! encodes a
220-kDa predominantly nuclear protein that is subject to
phosphorylation events that may alter function [179).
Recently, heregulin, a growth factor which can stimulate
breast cancer cell growth, differentiation, and survival, was
shown to incrcase the phosphoryletion of BRCAI {180],
although the functional consequences of this have not
been reported.

6. Role of PKB/Akt in tumourigenesis: evidence from
transgenic studies

From the preceding discussion it is clear that PKB/Akt is
involved in many signalling pathways that could have a
major impact on processes that are abnormally regulated in
cancer. Despite this, the question of whether tumours need
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to up-regulate the PKB/Akt pathway in order to develop and
progress remains largely unanswered. It is quite likely that
different cancers cvolve different mechanisms to deal with
the need to proliferate indefinitely and survive envir-
onmental stresses, Nevertheless, the frequency of activation
or overexpression of PKRB/Akt in human cancers indicates
that PKB/Akt serves an imporant function in a large
number of cases. The question of whether PKB/Akt itself
is tumourigenic has been addressed by overexpressing the
protein in various host systems. Whereas enforced over-
expression of wild type PKBJ/Akt2 was shown in one study
to transforrn NIH-3T3 fibroblasts {110], this did not occur in
Rat-1 fibroblasts [181] and nonc of the three redent wild
type PKB/Akt isoforms caused transformation of chicken
embryo fibroblasts [182,183]. Nevertheless, membrane-
targeted, constitutively active versions of each PKB/Akt
isoform are sufficient for oncogenic transformation of
these cells [182,183). The role of PKB/Akt in the trans-
formation of epithelial cells, from which the vast majority
of human cancers develop, has only recently begun to
emerge from the results of studies using transgenic mice,
Targeted overexpression of PKBo/Akt]l in the mammary
gland caused hyperplasia but not dysplasia or neoplasia
[184]. Transgenic mice cxpressing & mammary gland-
targeted constitutively active PKB/Akt (both regulatory
phosphorylation sites mutated to aspartic acid residues),
exhibited defects in the normal process of gland involution
(as observed in a separate study [185]) but did not develop
tumours [186). However, crossing of these animals with
mice bearing & mammary gland-targeted mutant middle
T antigen uncoupled from PI-3K, produced micc that
developed tumours more rapidly than those animals with
mutant middlc T alone. Interestingly, strong phosphoryla-
tion of FKHR and induction of cyclin D was observed in
tumours from the crossed animals but not in the mice
bearing activated PKB/Akt alone. These investigators'
study also noted that the cross-bred mice did not develop
metastatic tumours, suggesting that additional events are
tequired for metastatic progression.

Overall, the phenotypes of PKB/Akt transgenic mice
suggest firstly that mere overexpression of PKB/Akt is not
tumourigenic, at lcast in the mammary gland. Constitutive
activation of PKB/Akt may be sufficient for tumour
formation in some contexts but it is more likely that
activated PKB/Akt cooperates with other oncogenic path-
ways to promote tumour progression. That PKB/Akt is
involved more in cancer progression than its mitiation is
supported by another recent study of prostate cancer. Using
protein smicroarrays to cxaminc molecular markers of
disease progression in microdissected tissue, Paweletz
ct al. [187] found that PKB/Akt was activated to a higher
degree as cells progressed from normal to hyperplastic and
then invasive stapges. PKB/Akt activation was accompanied
by Joss of markers of apoptosis, supporting the contention
that PKB/Akt contributes to enhanced survival during
turmour progressicn. '

7. Future prospects

As a result of intcnsive study in the last 4-5 years, our
knowledge of PKB/Akl and its role in promoting cell
survival and proliferation has cxpanded rapidly, Noverthe-
less, a number of major questions still remain unanswered,
For example, the mechanism of activation of PKB/Akt,
particularly the regulation of the S473 site, is still unclear.
In addition, although PKB/Akt is strongly implicated in the
regulation of survival and cell growth, the physiclogical
substrates of PKB/Akt that drive these processes remain to
be fully charactensed. A number of strong candidates have
emerged, such as GSK-3 and forkhead proteins, but their
overall importance, compared to other potential substrates,
is not yet clear. It seems likely that cellular context will play
a role, with PKB/Akt substrates subserving distinet func-
tions in different cell types. Moreover, many of the proteins
and downstream cellular processes thought to be modulated
by PKB/Akt are subject to simultaneous regulation by other
signalling pathways. The response of cells to PKB/Akt
activation may thercfore be dependent upon the levels of
activity of these other signals, a situation that may be
particularly important during tumour progression. As we
have attempted to highlight in this review, PKB/Akt signal-
ling is frequently up-regulated in human tumours. However,
the results of transgenic studies indicate that this is insuf-
ficient by itself to cause tumour initiation. Instead, PKB/Akt
activation appears to be involved in tumour progression,
roost likely through interactions with other disrupted sig-
nalling processes. Whether PKB/Akt is necessary for pro-
gression is a vital question. If it is the inhibition of PKB/
Akt, either directly or by interfering with its upstream
regulators, is likely to represent an effective and widely
applicable anticancer stratcgy. Indeed, as the vast majority
of existing anticancer drugs work by inducing apoptosis,
onc would predict thet inhibition of PKB/Akt could lower
the threshold doses of drugs required to kill cells. Recent
studies in cell lines [188,189] support this possibility.

Although the PKB/Akt story will probably continue for
many years to come, the pace with which knowledge of its
cellular functions has accumulated recently indicates that
answers to some of the questions mentioned above may be
Jjust around the comer.
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ABSTRACT

Purpose: The AKT/PKB Kinase controls many of the
intracellular processes that are dysregulated in human can-
cer, including the suppression of apoptosis and anoikis and
the induction of cell cycle progression, Three isoforms of
AKT have been identified: AKT-1, -2, and -J. Selective
up-regulation of AKT-3 RNA expression has been reported
in hormonc-independent breast and prostate cancer cell
lines suggesting that AKT-3 expression may be increased
with breast or prostate tumor progression. To determine
whethier AKT-3 RNA expression is selectively up-regulated
In human cancers and whether the patterns of AKT RNA
expression may change with tumor development, we exam-
ined AKT Isoform expresstion by RT-PCR in human cancer
cell lines, primary human cancers, and normal human
tissues.

Experimental Design: AKT-1, -2, and -3 RNA expres-
sion was examined by RT-PCR. Becauvse up-regulated
AKT-3 expression has been implicated in human breast and
prostate cancer progression, we zalso examined AKT-J ex-
pression levels by semiquantitative RT-PCR using matched
normal/tumor first-strand cDNA peirs from colon, breast,
prostate, and lung cancers.

Resuls: Our data reveal that the averwhelming major-
ity of both normal and tumor tissues express all three of the
AKT isoforms. Moreover, semiquantitative RT-FCR of
matched pormal/tumor peirs confirmed similar AKT-3
RNA expression levels in both normal gnd tumar tissue.

Conclusions: QOur data show that both normal and tu-
mor tissues express all three of the AKT Isoforms and
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indicate that tumorigenesis does not involve a dramatie shift
in the RNA expression patterns of the three AKT Isoforms.

INTRODUCTION

The AKT/PKE kinase has been implicared in the gencsis
andfor progression of numerous human tumors, because AKT
regulates many of the key effector molecules involved in apo-
prosis, anoikis, and ceil eycle progression {1). AKT is activated
by phosphatidylinositol 3 phosphates, the products of PI1-3 ki-
nasc setivity {2). In addition, AKT activity is commonly dys-
regulated in a varicty of human tumors because of frequent
inactivation of the PTEN tumor suppressor gene, which nega-
tively regulates phosphatidylinositol 3 phosphate levels (1),

To date, three human isoforms of AKT have been identi-
fied, AKT-1, -2, and -3 (2-4). Severa! studies have found
AKT-2 to be amplified or overexpressed in primary fumors and
cell lines (5-7). A recent report has shown that AKT-1 and -2
are expressed in a wide array of breast and prostate cancer cell
lines but that AKT-3 expression is exclusive to the maore ad-
vanced, hormone-independent breast and prostate cancer cell
lines (8). In addition, AKT-3 RNA expression was sclectively
up-regulated in the more advanced, ER*-negative primary hu-
man breast cancers (8}, These data therefore suggested that AKT
RNA expression pattemns may be altered in tumors versus nor
mal tissue (8). We have recently shown that AKT-1 end -3 RNA
are expressed in both normal prostate tissue and primary pros-
tate cancers, suggesting that pattems of AKT isoform RNA may
not be dramatically diffcrent in tumor versws normal tigsue (9).

To clarify whether AKT-3 cxpression is cxclusive to fu-
mors and/or if AKT RNA expression patterns are sltered in
tumor versus normal tissue, we have evaluated AKT isoform
expression by RT-PCR in human cancer cell lines, primary
human cancers, and normal human tissues. Our date reveal that
the majority of the cancer cell lines, primary cancers, and
normal tissucs express AKT-1, -2, and -3, Moreover, scmiguan-
titative RT-PCR analyses for AKT-3 expressien in matched
normal/turnor pairs confirm that AKT-3 RNA expression levels
are not markedly altered in tumors relative to normal tissue of
the lung, colon, prostate, or breast.

MATERIALS AND METHODS

RT-PCR Analysis. Total RNA and poly(A) RNA were
isolated using the RNEasy kit and the Oligotex mRNA maxi kit
from Qiagen (Chatsworth, CA). Normal tissue total RNA panels
I, I, 111, IV, and ¥ were obteined from CLONTECM Labora-
tories (Palo Alto, CA). RT-PCR analysis of the RNA samples
was performed with the Titan One Tube RT-PCR kit (Roche

3 The ebbreviations used are: ER, estrogen-receptar; RT-PCR, reverse
trenscriptese-PCR,
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Biochemicals, Indianapolis, IN) as deseribed .previously (9)
using the specific primer sequences and RT-PCR, conditions
deseribed for AKT-1, -2, and -3 (8). The SUPERSCRIPT First-
Strand Synthesis System for RT-PCR (Life Technologies, Inc.)
nsing 1-5 g of tatal or paly(A) RNA with an aligo(dT) primer
was used to confirm low abundance or absence of a specific
mRNA identified from the One Tube RT-PCR reactions. Con-
trols without RNA and without reverse transcriptase were rou-
tinely performed (dnta not shown). Restriction digestion with
Eagl or Psil (Life Technologies, Tne.) was used to verify the
identity of AKT-1, -2, and -3 RT-PCR products (data not
shown). Eagl restrictz AKT-1 and -3 but not AKT-2, whereas
Pstl restricts AKT-| and -2 but not AKT-3.

Semiquantitative RT-PCR. To evaluate semiquantita-
tively the expression of AKT-3 RNA in wmor versus normal
tissue, we performed RT-PCR with the High-fidelity PCR kit
{Roche Biochemicals) using the aforementioned AKT-3-
specific primers on firsl-stand ¢DMAs from maiched tumarf
normal pairs {CLONTECH Laborataries). We specifically eval-
vated the following tumot/nomal pairs: prostate | and 3; breast
I and 2; lung 4 and §; ond colon 2 and 4. To control for
differences in template quaatity between normal and tumor
tissue, we also performed semiquantitative RT-PCR for the
ribosomal protein §9 using the specific primers and conditions
included with cach rumor/normal pair (CLONTECH Laborato-
ries).

RESULTS

Expression of AKT-1, -2, and -3 RNA in Human Cancer
Cell Lines, Homone-dependent breast and prostate cancer
cell lines lack expression of AKT-3 (8), whereas many hor-
mon¢-independent breast cancer cell lines express AKT-3, sug-

Thp-1

Fig. ! RT-PCR analyses for
AKT-I, -2, and -3 RNA in human
ccHl lines. RT-PCR analysis was
performed on 0.25-0.5 pg total or
poly(A}+ RNA using primers spe-
cific for AKT-1, -2, and -3 {8) for
15 PCR cycles as described (9).

293T

3 123 123123

gesting that more advanced cancers may sefectively up-regulate
AKT-J expression (8). We therefore chosc {0 catalogue expres-
sion of each AKT iseform in a large number of cell lincs.
RT-PCR analysis of 17 different celf lines revealed that only the
prostate line LNCaP and the breast cancer cell lines MCF-7 and
T47D lacked AKT-3. In the cervical carcinoma line HeLa,
AKT3 expression was barely detectable (Fig. 1). All other cell
lines, including the immortalized, nontemorigenic breast epithe-
lial cell linc 194A1 and the nontumorigenic prostate epirthelial
ccll lins BPH-1, expressed AKT-1, -2, and -3. Moreover, the
ER-positive breast cancer celb line ZR-75-1 (10) also expressed
AKT-3. Therefore, these dato suggest that AKT-3 RNA expres-
sion is oot restricted to cell lines derived from advanced cencers
nor to tumorigenic cell lines,

Expression of AKT-1, -2, and -3 RNA in Primary
Human Tumor and Normai Tissues. Because the majority
of cell lines expressed AKT-1, -2, and -3, we noxt assessed
expression of these isoforms in primary cancer tissucs of the
most common human solid tumors (colan, lung, breast, and
prostate). RT-PCR analyses revealed AKT-1, -2, end -3 expres-
sion in each of the 28 tissues from breast, prostate, colon, and
non-small cell lung cancers apalyzed (Fig. 2), These data from
primary buman cancer tissues suggest thet rumors routinely
express all three AKT isoforms, though these tumor samples
were not microdissected to separate tumor from normal tissue,
As such, it is feasible that these patterns of AKT RNA expres-
sion may reflect thet from normal tissue, tumeor tissue, or both.

We therefore examined RNA expression pattems of the
AKT iseforms in normal tissues. Qur data revealed that the
majority of normal tissues expressed AKT-|, -2, sad -3 RNA
{Fig. 34). Northern blot analyses verified AKT-3 expression in
normal tissucs with the highest expression in brain {data not

(3
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shown), as has been published previously (3). Adult Hver tissus
showed only minimal evidence for AKT-3 RNA expression
(Fig. 34), which was subsequently verified in two independent
adult liver tissue samples after PCR from first-strand cDNAs for
30 or 35 PCR cycles (Fig. 38). These data arc consistent with
previously published Northem blet data showing that adult liver
hod low levels of AKT-3 mRNA (3, 11}, whercas fetal liver
maintained a relatively high level of AKT-3 mRNA ([1). To-
gether, these data indicate that the majority of both normal and
tumor tissues express AKT-1, -2, and -3 RNA,

Liver V

Fig.3 RT-PCR apnalysis for
AKT-1, -2, and -3 mRNA"in
normal human tisswes, 4, RT-
PCR analysis was performed
an CLONTECH (otal human
RNA pancls (I-V) using prim-
ers specific for AKT-1, -2, end
-3 (8) for 35 PCR cycles as
described (%), 8, low level of
AKT-3 RNA expression in
adult liver was confirmed by
performing RY-PCR for 30 or
35 cycles as indicated an firsi-
strand cDNA from two inde-
pendent adalt liver RNA sam-
ples (CLONTECH).

PCR Cycles 30 35

k123 123

. A
Liverl

Akt 123 123

Semiquantitative RT-PCR for AKT-3 Expression In
Matched Normal/Tumor Pairs, Qur data indicate that nor-
mal tissues, with the exception of agult liver, express AKT-1, -2,
and -3 RNA. Because up-regulated expression of AXT-3 RNA
has been implicated in breast and prostate cencers (8), we
wanted to examine AKT-3 RNA expression in tumor versus
nomal tissue in & more quantitative manner, We therefore
examined first-strand cDNAs from matched mmor/normal pairs
of the breast, prostate, colon, and Jung using 30-38 PCR cyeles,
Our dota revealed that both normel and tumor tissues cxpress

-0
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AKT3 Ribosomal protein S9
Nermal Tumor Normnal Tumor
Prostate 3 - .
Fig. 4 Semiquantitative RT-
PCR for AKT-3 in matched
Lung4 tnas tumar/normal pairs, RT-PCR
analysis was performed for
; AKT-3 on fiest-sirand ¢DNA
Lung 5 Ao s [N from matched fumot/normal
puirs {CLONTECH) for the
numnber of PCR cycles indi-
Breast 1 — [p— - cated. To control for variationg
in templote  concentrations,
i RT-PCR was also performed
Breast 2 for & control penc, ribosomal
protein 59,
Coloen 2 hsanid ”‘: - —
|
Cycle # 30 32 34 36 38 20 32 34 3638 26 28 30 32 34 26 28 30 N M

similar levels of AKT-3 RNA (Fig. 4), AKT-3 expression in the
samples Prostate | snd Breast 2 may be clevated in rumor
relative to normal but docs not appear to be so in the other
prostate and breast sampics (Fig. 4). Moreover, the colon and
lung samples show no apperent differcnces in AKT-3 levels
when controlled for template concentration (Fig. 4). Therefore,
these data indicate that there are no consistent differcnces in
AKT-3 expression between normal and tumor tissue, [n fact, the
differences in AKT-3 signal are largely related lo template
concentration and are reflected by differences in expression of
the conmrol gene, ribosomal protein 89 (Fig. 4).

DISCUSSION

In this report, we have demonstrated that the majority of
human tumor cell lines routinely express AKT-, -2, and -3. As
‘published previously, the hormone-dependent breast cancer cell
lines MCF-7 and T47D and the hormone-sensitive prostate
eancer cell line LNCaP lack AKT-3 expression (8). Our dats
now reveal that the hormone-dependent, ER-positive breast
cancer cell line ZR-735-1 (10) expresses AKT-1, -2, and -3.
Furthermore, the nontumorigenie, immortalized humen breast
epithelial cell line 184A1 and human prostate epithelial cell line
BFH-I also expressed all three isoforms, These data therefore
suggest that AKT-3 cxpression is not restricted to tumorigenic
ccll lincs or to ER-negative breast cancer cells,

We have also shown that primary humen cancers of the
breast, colon, prostate, and lung routinely express all three AKT
isoforms, Likewise, virtually all normal tissues, with the excep-
tion of adult liver tissue (Ref. 3; Fig. 38), express AKT-], -2,
and -3. These data suggest that there may be no differences in
the expression of AKT-3 between normal and tumor tissue,

However, up-regulated AKT-3 expression has been implicated
in the progression of human breast cancers (8). Therefore, we
chose to assess AKT-3 expression in normal versus tumor tissuc
more quantitatively. Semiquantitative RT-PCR analysis for
AKT-3 RNA expression in matched tumor/normal pairs of the
colan, breast, lung, and prostale confirmed thet the leve] of
AKT-3 RNA expression in normal tissue is not dramatically
different from that of tumor tissue (Fig. 4).

Together, these datr indicate that the RNA expression
patterns of the AKT isoforms are not specifically related to the
neoplastic process. Virmally every normal tissue examined,
including prostate and breast tissue, showed AKT-3 RNA cx-
pression. Moreover, our data would suggest there may bz no
particular refationship between hormone receptor status and
AKT-3 RNA expression. Normal breast and prostate tissues,
which routinely express the cstrogen and andvogen recepiors
(12), express AKT-3 RNA ag does the ER-positive brenst cancer
cell line ZR-75-1 (10). In fact, because some tumor cell lines
lack AKT-3 expression (e.g., LNCaP, MCF.7, and T47D),
though the correspending normal tissues and nontumorigenic
epithelial cell lines express AKT-3, our data suggest that a smal|
Fraction of turmors may actually lose AKT-3 expression. Indeed,
in our previous study, a small minority of prostate cancer
metastases showed no evidence of AKT-3 expeession (9).

Because tho majority of normal lissues examined expressed
RNA for all three AKT isoforms, our data suggest that an AKT
isoform-specific inhibitor may not be turmnor-specific. However,
our dats cannot exclude the possibility that there may be differ-
¢nces in the sctivity of AKT-1, -2, and -3 proteins that are not
reflected by the patterns of AKT RNA expression, It is feasible
that the different AKT proteins may be differentially ectivated

B
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or that these activated protcins may have different substrate
preferences. Such differences at the protein level may provide a
therapeutic opportunity to target tomors preferentiatly by selec-
tively largeting a particular AKT isoform. However, the data in
this report suggest that AKT RNA patteras are not dramatically
altered in tumors relative 1o normal tissue, As such, 8 broad-
spectrum AKT inhibitor may be as effective, or perhaps more
effective, as an anticancer therapy than an isoform-specific AKT
inhibitor.
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ABSTRACT

L0550l ToT SUDPTessor Benes i COTontoss
role in the development of 30-60% of melanomas; however, the identity
of these genes and the mechanisms by which loss of these genes leads to
(umer formation remain uncertain. The phosphatase znd lensin homo-
logue deleted from chromosome 10 (PTEN) is one of the genes on chro-
muasome 10 whose of which the loss or inactivation may play an important
rale in melanoma tumorigenesis, but functional studies directly demon-
strating PTEN invelvement in melanomas are necessary to confirmn this
rate. To determine the biological importance of PTEN loss in melanomas,
we estoblished o novel model in which an intact chromosome 10 was
transferred into melanoma cells lacking PTEN protein to express the
prolein at normal physiologicnl tevels and to measure the consequent
effects on melanoma fumarigenesis. PTEN expression in these cells re-
tarded tumor development in mice unless, by analogy with loss of het-
erozygosity, the PTEN gene was deleted or insclivated during tumor
formation. Mechanistically, PTEN loss led to the activation of Akt, which
conseguently down-regulated the apoplotic pathway of melanoma cells. [n
contrast, expression of PTEN attenuated AKt activation, thereby increas-
ing sensitivity to spoptotic stimuli in cell culture and /n vivo in animal
models. This model demonstrated that PTEN loss is critical for melanoma
tumorigenesis and allowed a dissection of the underlying mechanism hy
which PTEN loss facilitated melanoma lumor development. In summary,
loss of PTEN reduces apoptosis 2nd promotes cefl survival, thereby fa-
voring melanoma tumor formation. Thus, these observations provide an
etiological basis for PTEN 10ss during Ihe genesis of sporadic melanemas.

INTRODUCTION

Of the three forms of skin cancer, malignant melanoma carries the
highest risk of mortality from metastasis (1). The primary siies of
metastasis are the lungs, liver, and brain, but this aggressive cancer
can invade any organ. Currently, there is no cffective long-term
Ircatment for patients suffering from the advanced stages of this
disease. This is in pari due to a lack of information about the genes
causing melanoma and therapies targeted to comrect these defects. As
in other solid tumors. deletion of genetic material exceeds genomic
amplifications, suggesting that loss of cancer suppressor gene function
is essential for melanoma wmor development (2). Nonrandom dele-
lion of chromosomes or subchromosomal regions in sofid tumors has
been used Lo map the sites of these putative cancer suppressor penes
and has facilitaled the demonstration that these sites contain function-
ally inactivated tumor suppressor genes; examples include INKJA/p16
a1 9p21 (3, 4}, RBI ar 13gl14 (5), and PTEN® a1 10q23 (6-8).

Loss of cancer suppressor genes on chromosome 10 is an important
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process in melanoma tumarigenesis and has been reporied to contrib-

“The alieration usually entails loss of an entire chromosome 10
homolague, because it is easier for melanoma cells to lose the intact
chromosome than 1o undergo multiple independent mutational or
deletional events 1o eliminate cancer suppressor genes on chromo-
somc 10 (1 1). Deletion of chromosome 10 has been reported in both
early and advanced-siage sporadic melanomas (9, 10), and has heen
associated with a poor clinical owtcome (12). The identity of the
melanoma cancer suppressor genes on chromosome 10 remains un-
certain; however, evidence from multiple groups suggests that PTEN,
located at 10g23, might be imporiant in melanoma tumorigenesis and
metastasis (11, t3-24).

The PTEN gene, also known as MMAC] and TEFP! (6-8), encodes
a phosphatase of which the primary function is to degrade the prod-
ucts of PIIK by . dephosphorylating phosphatidylinositol 3,4.5-
trisphosphate and phosphatidylinositol 3,4-bisphosphate at the 3 po-
sition (25). Loss of functional PTEN from tumor cells causes
accumulation of these critical second messenger lipids, which in (um
increase Akt phosphorylation and activity, leading to decreased ap-
optosis and/or increased mitogen signaling (26-31). Reintroduction
of PTEN in cells tacking this protein has been shown 10 lower Akt
activity and induce cell cycle arvest and/or apopiosis; however, it is
unknown whether PTEN functions in a similar manner in melanoma
cells (32). PTEN knockout mice are not viable, whereas PTEN het-
crozygotes survive and develop endometrial, intestinal, thyroid, adre-
nal gland, and breast hyperplasia, as well as dysplasias and tumors of
the skin, gastrointestinal tract, and prostate (33).

Tumor suppressor gene inactivation in noninherited cancers re-
quires two consccutive somalic events targeting cach allele through
processes that involve a combination of mutation or epigenelic inac-
tivation, and chromosomal loss, deletion, or recombination (34. 35).
Unfortunately, the search for genelic lesions of PTEN in melanomas
has yiclded confounding results leaving uncertainty about the role
PTEN plays in melanoma lumorigenesis. Mutations or deletions of
PTEN have been observed in up 10 60% of melanoma cell lines;
however, only about 10% have been seen in uncultured {umor maicrial
(13-22). These observations have led to speculation that onc of the
PTEN inactivating events occurs predominantly through a mechanism
other than mutation, such as by epigenetic silencing (36-38) or by
altered subcellular localization (39). Aliematively, haploinsufficiency
or loss of only one allele could account for the discordance in rates of
LOH at 10923 and biallelic PTEN inactivation {40). In support of
these possibililies, a recent report has suggested that epigenetic si-
lencing of PTEN in melanomas withowt PTEN mutation might occur
in as many as 30-40% of metastatic tumors (41}; however, the
molecular basis of this process in melanomas remains unknown.
Therefore, it is possible that epigenetic. mutational, and deletionat
events could account for PTEN dysfunction in as many as 40-50% of
sporadic melanomas (41).

Functional mapping of melanoma suppressor genes on chromo-
some 10 has also identified FTEN as 2 potentially important factor in
the disease (11, 23). The involvement of PTEN in melanomas has
been demonsirated using an approach termed IVLOH that involved
transfer of a normal copy of chromosome 10 into melanoma celis
lacking PTEN protein, and then allowing the growth-suppressing
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senes on the chromosome Lo force the cells to eliminate the respon-
sible gene(s) in vitro through chromosomal fragmemation. Mapping
the region of loss suggested that PTEN was a candidate melanoma
growih suppressor, which was confirmed by subsequent ectopic gene
expression studies in cells growing in tissue culture (23). Collectively,
the molecular and functional mapping reponts could be interpreted as
indicating that PTEN plays an important role in melanoma umon-
senesis; however, studies demonstrating the dirccl involvement of
. PTEN in melanoma tumorigenesis.

logical tesults. For morphological analysis. tumors were fixed for 24 b in
buffered formaldehyde-fresh low odor 10% formalin from Fisher Scientific
(Fair Lawn, NJ), embedded in paraffin, then sectioned and stamed with H&KE.
Frozen Hissue specimens for immunohistochemical analysts were prepared by
placing the tumor into Pecl-A-Way Disposable Embedding Molds from Poly-
sciences (Wamington, PA) comaining Tissue-Tek OCT compound from
Sakura Finetek (Torrance, CA), followed by slow freezing in liquid nitrogen
and seclioning.

Apoptm-‘u Mensumnents. Apoptosis rates were measured for cells gmw-

which PTEN regulates melanoma devcloprriem Fave oL bedin o- -
ported.

Here, we describe the use of a novel, chromosome-based strategy to
demonstrate PTEN involvement in melanoma tumorigenesis, as well
to dissect the underlying mechanism by which loss of functional
PTEN aids melanoma tumor development. We used melanoma cells
expressing PTEN at normal physiological levels from an introduced
chromosome 10 to show that wmor growth in animals is relarded
unless, by analogy with LOH (42—44), cells inactivare the functional
protein during tumor formation. Targeting PTEN in this manner
demonstrated that PTEN loss led to increased Akl activation and
stimulated antiapopiotic signaling in melanoma cells. Specifically.
loss of PTEN reduced apopiosis rates, thereby aiding cell survival and
promoting melanoma tumor development. Thus, these studies provide
a mechanistic basis for PTEN loss during the genesis of sporadic
melanomas,

MATERIALS AND METHODS

Cell Line, Colture Conditions, and Doubling Times. The melanoma cell
line UACC 903, the creation and characterization of the microcell-mediated
chromasome uansfer hybrid cell lines 29, 36, and 37, as well as the growth
conditions for these cell lines, have been reperted previously (23). Hybrid cell
lines stably maintaining the mansferred chromosome 10 in tissue culture were
maintained in cell culture using 15% FBS to reducce the nepative effect that
PTEN exerts on in vitro cell growth. Initially, ihe chromosomaily heteroge-
neous population {from Ref, 23) was flow-sorted 10 isolawe single cells into
individual wells of 2 96-well plate. These cclls were then grown into mass
populations in DMEM supplemented with 15% serum. The chromosome 10
donor celt line HA{ID)A has been described previously (23}, Human metano-
cytes were obtained from Clonetics (Walkersville, MD), The melanoma cell
lines YUDAN-3 and SK-MEL-24 used in these studies were obtained from the
American Type Culture Collection (Manassas, VA). The doubling time of
UACC 903 cells and the 36A hybrid cell line was estimated by plating 1 X 10°
cells in 200 p! of DMEM supplememed with 15% FBS in multiple rows of
wells in (ive 96-well platcs. Growth was measured cvery 24 h over a peried of
S days by performing a colorimetric assay on one plate cach day using the
Sulforhedamine B Binding Assay (45) and the doubling lime calculated.
Absorbance was measored at 570 nm using 2 Perkin-Elmer HTS 700+
Biocassay Plate Reader (Foster City, CA).

Tumorigenicity Assays ond Tumor Processing. All of the animal exper-
imentation was performed according to protoco!s approved by the Institutional
Animal Care and Use Committee a1 the Penn State College of Medicine.
Tumor formation was measured in athymic nude mice purchased from Simon-
son Laboratories (Gilroy, CA) or Harlan Sprague Dawley {Indianapolis. N}
Tumor kinetics were measured by s. c. injection of 5 million cells in 0.2 m! of
DMEM containing 10% FBS above boih the left and right rib cages of
4-6-week old fernale nude mice. The dimensions of the developing tumors
were measured at weckly intervals using catipers and the sizes estimated in
cubic millimeters. For studies to dissect the mechanism by which PTEN
inhibited 1umor development, the growth of cells lacking (UACC 903 or
36A-R2) or expressing {36A or 36B) chromosomal PTEN was temporally and
spatially matched. This was achieved by s. ¢, injection of I million or 20
millian of each cell type, respectively, in 0.2 ml of DMEM medium supple-
mented with 10% FBS at a toal of four siles above both the left and right b
cages and rump. Four tumors were harvested every 2 days, sliced into two
sections, and processed to achieve maximal morphological or immunchisto-

usmg lhe 11JNEL TMR Red Apomos;s kit fmm Roche (Indlanapohs. IN] Fof
ccll culture studies, 5 % 10° cells were secded onto gluss coverslips in 12-well
plates and grown in DMEM supplemented with either [% or 10% FBS for
48 h, Aliematively, cells growing in DMEM supplemeated with [0% FBS
were exposed to | uM staurospocing for 4 h before paraformaldchyde fixation,
For in vive animal studies, formalin-fixed, paraffinembedded tumor sections
were deparaffinized, rehydraied, and digested with 20 ug/ml proteinase K
from Fisher Scientific {Fairlawn, NJ} and then incubated with the TUNEL
reaction mixture conaining terminal deoxynucleotidy! transferase in a humid-
ified dark chamber for | h at 37°C. Sections were counterstained with | pg/ml
Hoechst-33258 for 10 min and mounted. A minimum of B-10 ficlds were
counted from three to four different ftumor seciions, and the number of positive
cells was expressed as the percentage of apopiotic cells = (number of apo-
ptotic cells/number of cells in each field) X 100%.

Cell Proliferation Rate. The number of proliferating cells in wmor sec-
tions was measured by using 8 purified mouse antihuman Ki67 from PharM-
ingen (San Diego, CA). Formalin-fixed, paraffin-embedded iumor sections
were deparaffinized and rehydrated in xylene and a graded scries of cthanol,
respectively. Tumor sections were incubated in 1% H,0, for 10 min 1o quench
endogenous peroxidase activity. Antigen retrieval was accomplished by incu-
bation in a 0.0] & sodivm citrate bulfer (pH 6.0} for 10 min at 98°C, foltowed
by cooling to room temperature for 20 min. Sections were blocked for 30 min
with [% BSA, and then incubated with mouse antihuman Ki67 (dilution 1:50)
for 1 b at room temperature. After washing with PBS, sections were incubated
with biotinylated antimouse 1gG for 30 min, washed in PBS, incubated with
pevoxidase-labeled streptavidin for 30 min, and Ginally rinsed with PBS-T. The
chromogenic reaction was carried out with 3.3-diaminobenzidine from DAKO
Corparation {Carpinteria, CA) for 2-5 min and counterstained with hematox-
ylin. The number of Ki67-positive cells/total number of cells was counted from
§-10 ficlds. The mean percentage of proliferating cells is reported together
with the SE for each.

Vessel Density. The number of vessels in tumeor seclions was estimated
using a purified rat antimouse CD31 {PECAM-1) monoclonal antibody from
PharMingen, Frozen, cryostal-cul sections were air dried for 30 min, fixed in
acetone (—20°C) for 5 min, and cchydrated in PBS for 5 min. Endogenous
peroxidase activity was quenched by incubation for 10 min 1% H,0, in PBS,
Each incubation step was carricd out al room lemperature and was followed by
three 3-min washes in PBS-T. Sections were blocked in PBS containing | %
BSA for 30 min and then incubated with rat antimouse CDJ1 {PECAM-I)
antibody at a dilation of 1:500 for 90 min 1o stain endotheliai cells. Sections
were then v ashed in PBS folfowed by incubation with biotintylated goat-antirat
antibody 7. " min. Tumor slices were next incubaied with peroxidase-labeled
sucplavidt:  jom PharMimgen for 30 min, ther bricfly rinsed in PBS-T.
Sections were exposed (o 3,3-diaminobenzidine and hydrogen peroxide chro-
mogen substrate from Dako Corporation for up t¢ 2 min. rinsed in distilied
waler, counterstained with Mayer's hematoxylin for | min, then dehydrated
and coverslipped with a permanent mounting medium. Vessel density was
scored by counting the aumber of CD31-positive vessels in 2 3600-m? area
of a tumor. Five different areas were counted from each of four different
tumors, and the mean number of vessels is reported together with the SE for
cach.

Sequencing of PTEN DNA nnd ¢DNA. The procedure for extraction of
high molecular weight DNA from cultured cells has been described previously
(46). Total RNA was isolated from cell lines using the TRIzol reagent (Life
Technologies, inc., Carlsbad, CA) and convented to cDNA (23). The DNA or
¢DNA was used as a template to amplify PTEN exon 4 as described previously
(23, 47). The amplificd PTEN cxon 4 product was then scquenced on an
Applied Biosystems 377XL sutomated sequencer (Foster City, CA).
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Western Blot Analysis. Cells thar were 70-90% conflluent were washed
once with ice-cold PBS followed by the addition of lysis buffer comaining 50
mm HEPES (pH 7.5), 150 mm NaCl, 10 mM EDTA, 10% glycerol, 1% Triton
X-100, I mMm sodium orthovanadate, 0. mM sodivm molybdate. 1 mM phen-
ylmethylsulfony! fluoride. 20 ug/ml aprotinin, and 5 pg/mi leupeplin, Whole
ccll lysates were centrifuged (210,000 X ) for 10 min at 4°C. Prolcins were
quantitated using the BCA Assay from Pierce (Rockford, IL). Thirty pg of
supernaiant per lane were loaded onto a NuPage pel from Life Technalogies,
Inc. and electrophoresed according to the manufacturer’s instructions, fol-

. lowed by-transfer.of the. proteins.to-polyvinylidene difluoride membranefrom. - -

Pait Corporation (Ann Arbor, M1). The blots were probed with the appropriate
primary antibody according fo cach supplier's recommendations. Antibodies
were oblained from the following sources: anti-PTEN clone 6H2.1 from
Cascade Bioscience (Winchester, MA); anti-Akt, anti-phospho-Akt {ser 473).
angd anti-Caspase-3 from Cell Signating Technologies, Inc. (Beverly, MA): and
a-cnotase from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Ali of the
secondary antibodies were conjugated with horseradish peroxidase and ob-
tained from Santa Cruz Biotechnology. Inc. The immunoblots were developed
using the enhanced chemiluminescence delection system from Amersham
Pharmacia Biotech (Piscataway, NJ). In the PI3K inhibition and apopiotic
studies, cells grown in DMEM supplemented with 10% FBS were treated with
50 pM LY-294002 (Alexis Biochemicals, San Dicgo, CA) for 24 hor | M
staurosporine for 4 h, respectively, before harvesting the profein lysates.

Expression of PTEN Using Adeno-associnted Viral Constructs. The
AAV Heiper-Free System from Statagene (La Jolla, CA) was used (o create
the recombinant PTEN adeno-associated viruses. Constructs containing PTEN
or the catalytically inactive mutant GI29R both tagged with HA {generousty
provided by Dr. Webster Cavenee, Ludwig Institute, San Diego, CA) wene
ransferred into the pAAV-MCS and pAAV-IRES-hrGFP vectors, and viruses
were gencraled according to the Stratagene protocol. On the day before viral
infection, 1.5 X 10° cells were plated into six-well plates, AfRer 24 h, the cells
were treated for 5-6 h with permissive medium consisting of DMEM supple-
mented with 10% FBS, 40 ma hydroxyurea, and )| mm sodium butyrate. Cells
were then washed with prewarmed DMEM supplemented with 2% FBS.
Increasing volumes of viral iysates (0 ul. 7.8 g, 15,6 . 31.3 g, 62.5 pl, and
125 ui) suspended in DMEM supplemented with 2% FBS were then added 10
each well to give a final volume of | m! and incubated at 37°C for 1-2 h, An
additional 1 m! of DMEM supplemented with 18% FBS was added afier the
infection to bring the final serum concentration w 10%. Protein from the cells
was harvested for Wesiem blot analysis 3 days after infection. For some
experiments, the amount of phosphorylated or total protein was quantitated
using 3 Molecular Dynamics Model 100A taser densitometer (Sunnyvale, CA)
and the ratio of phosphorylated Akt 1o totat Akt protein used as an indicator of
Akt activation. .

Statistical Analyses. The siatistical analyses of the data were performed
using the unpaired Student's £ test. A £ of <0.05 was considered statistically
significant.

RESULTS

PTEN Loss Leads to Melanoma Tumor Formation. To establish
whether PTEN functions as a melanoma tumor suppressor, we devel-
oped a novel chromosome-based strategy to measure the etfects of
PTEN expression on melanoma cell tumorigenicity, We reasoned that
melanema cells expressing PTEN at normal physiolagical levels from
an introduced chromosome 10 could be established and maintained
siably in culture under high serum conditions by stimulating ceil
growth and reducing apoptosis. We predicted that the growth factors
present in serum would mask PTEN-mediated apoptosis by stimulat-
ing Akt activation thereby suppressing apopiosis (26-31, 48). In
contrast, s.c. growth conditions in animals would be such that the
presenee of PTEN would retard cell growth and wmor development
unless, by analogy with LOH (42~-44), cells would use genetic strat-
egies (o silence the gene thereby allowing wmor development to
accur. Targeting PTEN in this manner would first confirm involve-
ment of the gene in melanoma wmor development. and second, result
in the establishment of genetically related nontumorigenic and tumor-

igenic cell lines that could be used to determine the underlying
mechanism by which PTEN regulates melanoma tumorigenicity.
To create melanoma celt lines thal expressed PTEN at normal
physiclogical levels, we used microcell-mediated chromosome trans-
fer to imroduce a normal chromosome 10 into the melanoma cell line,
UACC 903. Because of a condition called uniparental disomy. 1his
cell line contains two genetically identical copies of chromosome 10
that do not produce PTEN protein because of the same truncating

point-mutation €TZ28G) that convens:a. lyrosine.at codon 76iin.gxon.... ...

4 'to 2 stop codon, thereby severely truncating the protein (23). In
addition, we reporied previously that intreduction of chromosome 10
into UACC 903 cells growing in culture in 5% FBS leads (o breakage
of the transferred chromosome by IVLOH in order for the cells 1o
eliminaie the growth-suppressing activity of PTEN (23). To overcome
IVLOH for these studies, we designed o sirategy to prevent fragmen-
tation of the transferred chromosome by using serum concentrations
of 15% to mask the negative effects that PTEN exents on in vitro cell
growth, Bricfly, we flow sorted the initial chromosomally heteroge-
neous population {described in Rel. 23) to isolate single cells inlo
individual wells. These cells were then grown into mass populations
in medium supplemented with 15% FBS. STS markers that could
identify polymorphic alleles in the transferred chromosome 10 were
used to verify whether the intact introduced chromosome was retained
in the cells, and Western blotting was used to show that these hybrid
cells expressed PTEN protein (Table |). We found that high serum
concentrations could effectively mask the growth inhibitory effects of
PTEN in vitro. allowing esiablishment of homogeneous stable cell
lines containing the intact introduced copy of chromosome 10 that
eapressed PTEN protein. Even so, the growth rate measured as the
doubling time of the cell population remained ~26% longer for the
36A hybrid cell line, doubling every 1.3 days {or 31.5 h), compared
with the parental UACC 903 celi line, which doubled about every day
(or 25 h). The status of the introduced chromosome 10 and PTEN
protein for the parental cell line, initial unstable hybrid cell popula-
tions. and five stable hybrid cell lines derived from the tnitial cell
populations is shown in Table |,

To measure the biological effect of PTEN expression on melanoma
wmor development, UACC 903 cells and hybrid cell lines containing
the intact introduced chromosome 10 were injected beneath the skin
of nude mice. Hybrid cells expressing PTEN were found to be
rontumorigenic in comparison with paremial UACC 903 cells lacking
the protein (Fabic 2). In all of the cases, tumor development was
dramatically reduced for the hybrid cell lines coniaining the intro-
duced chromosome §0. The majority of injection sites failed to de-
velop tumors. Because tumor development was inhibited completely

Table | Stotus of ransferred chromosome 10 urd PTEN priveln expression in perenial
UACC 909 cells and chrmwsime 10 hybrld cell lines

Retention of the
nmet wransfermed FTEN protein
Cell ling or hybrid name chromosome 10 expression
Parenial el lioe
UACC 903 none
Unstable hybrids cell lines”
20 b -
36 - -
3 - -
Stable bybrids cell lines
29A + +
36A + +
368 + +
3A + +
3 + +

“ Heterogenous population with cach cell relaining a portion of the toasferred chro-
mosame 10,
& —, unsiable relention or partial expression; +. presem.
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Table 2 Tisrer development by paremal UACC 003 inel, evils und oh
10 hybrid cell linex
Tumor size (nean = SE in mm™)
Cell dine
(number of sites injecied) Day 1 Day 14 Day 1 Doy 28
Parental cell line
tACC 903 (=>20) 143 £ 19 725 = 8) 2587 = 176 —
Hybrids ¢ell lines expressing PTEN
2448 5>2 23=x5 Hzd 97 = 1D
A6A 16) o [ 0 o
L0020 o 3628 25xS5 194 1623
TR : R kT ST o
78 (B 0 0 [ o
Revenant cell lines lacking PTEN
J6ARI (B) BEIC 176227 TG 56 2004 2194
I5A-R2 (B) B3x8 M1+ 96974 26536

" Not available since mice were euthanized ar day 21,
" 1. no measurable tumor cauld be derected.

in most cases, the reduccd growth ratc of 26% observed in vitro could
nol explain the lack of tumorigenicity, Approximately 0% of ihe
injection sites did form tumors afier a prolonged latency period (Table
2. Fig. 1). In these instances. wmors larger than 100 mm® were
observed between days 35 and 49, which then proceeded to develop
into rapidly growing large tumor masses. The cells constituting two of
these tumors, named 36A revertant ! {36A-R1) and 36A revertant 2
(36A-R2), were re-established in culture and the wumorigenicity of
these cells was re-examined (Table 2: Fig. 1). The tumorigenic po-
lential of these cells was found to have reverted to more closely
resemble that of the pareatal UACC 903 cell line, bul even so tumor
development was delayed by ~1 week. Hence, a melanoma tumor
suppressor gene on the introduced chromosome 10 was functionally
inactivated during melanoma tumorigenesis.

To dewermine whether the introduced wild-type PTEN gene was
specifically targeted for loss during tumor formation, DNA, RNA, and
protein were isolated and compared from genetically matched J6A
nontumorigenic, and 36A-RU and 36A-R2 wmorigenic revertant cell
lines (Fig. 2). DNA genotyping ustng markers spanning chromosome
10 at ~10 ¢M intervals was wsed to establish whether the intact
introduced chromosome was retained in the cells (1 ). Hybrid cell line

™

Fiz. 1. Tumor development by melanoma celi line
UACC 903 and chromosome 10 hybrid cell tines, Size
of tumors formed by parental UACC 903 melanoma
cells and chrgmosome 10 hybrid cedt lines after injec-
tion ino nude mice: BACC 903 cells {L): hybrid cells
retaining PTEN (4. A): hybrid cells that had lost
PTEN (#); revenant cell lires that had tost PTEN and
werc relnjected into mude mice (0 measure fumorige-
niciry (O, ©). Values are mean of a minimum of 16
injection sites in ¢ mice per cell ting: burs, =SE No
etror bars are shown for the hybrid cells thar had lost
PTEN (#) because shis value only reprexents two
tumors.

Tomor Size (In cubic milimeters)

36A, and the revertant cell lines 36A-R1 and 36A-R2 were found to
retain all of the polymorphic STS markers present on the transferred
chromasome, indicating retention of the introduced chromasome 0,
Fig. 2A shows this analysis for the markers spanning the distal third
of the introduced chromosome 10 in these cell lines. The PTEN gene
was then examined to determine whether any alteration had occurred
to prevent prolein expression. The presence of the transferred wild-
type PTEN gene was determined by PCR amplification of exon 4 from

the product {Fig. 2B). Wild-type PTEN sequence from the transferred
chromosome was present in hybrid 36A and in revenant cell line
36A-RI, but absent from 36A-R2 (Fig. 28). To extend these obser-
vations 1o the transcriptional level, RNA isolated from each cell line
was used for reverse transcription-PCR 10 amplify and then sequence
PTEN exon 4 to screen for wild-type RNA expression. Fig. 2C shows
that both wild-type and mutant PTEN RNA expression occurred in the
hybrid cell tine 36A. but only mutant sequence was observed in both
revertant tumorigenic cell lines. This observation was confirmed
through Westemn blotting, shown in Fig. 2D, in which PTEN protein
was detected in nontumorigenic 36A ceHs but was absent from the
tummorigenic revertant cell Jines. These results suggest that the PTEN
gene in the revertant cell lines was targeled for loss of protein
expression by an epigenetic, mutational, or deletional evem. Collec-
tively, these data demonstrate PTEN is targeted for loss during mel-
anoma umor formation and that inactivation of the gene occurs at the
DNA level.

PTEN Loss Facilitates Cell Survival Thereby Promoting Mel-
anoma Tumor Development. The foregoing experiments showed a
consistent relationship between PTEN loss and tumor development;
therefore, subsequent studies focused on dissecting the mechanism by
which PTEN Ffunclions as a melanoma tumor suppressor gene. Be-
cause PTEN functions as an antagonist of PI3K-mediated signaling by
dephospharylating phosphatidylinositol 3,4,5-trisphosphate and phos-
phatidylinositol 3,4-bisphosphate a1 the 3 position, which in tum
lowers Akt activity and thereby increases apoptosis rales, we reasoned
that cell survival might be a critical function regulated by PTEN in
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Fia. 2. Status of PTEN in UACC 903 celis and chromosame 10 hybrid cell lines. A. partial genotypic analysis spanning the distal third of the introdured chromesome [0 is shown
for UACC 903 cells. chromosome 10 hybrids, and the donor cell line HA{10)A, STS PCR-based molecular markers spaced al ~ 10 megabase intervals were determined 10 be pre<em
19 or absen1 (O lor doner chromosome 10 alleles in each respective cell line., Hybrid 36A is shown 1ogether with revenant ool Yines JGAR) and J6A-R2, HA(|0A and UACC 903
serve as positive and pegative controls, respectively, for the donor chromosome afleles. The order of the markers and the approximate genctic distance between them are indicated,
and panicular markers are anchored to the chromosome 10 ideogram on the [eft as described previously (41). The presence {(+) or absence { = ) of wild-type PTEN DMA sequence from
the inirodfuced chromosome 10 was determined by PCR amplificntion foltowed by sequencing of cxon 4 from DNA derived from the cell lines. B, FTEN DNA sequence profiles (from
ructeatides 223 to 234) were derived from each cell line of microcet hybtid ling, The wild-type profite for HA(10}A s xbown for camparison. + show the location of the T to G point
mmation oecurring at nucleotide 228 in UACC 903 cells. Profites are also shown for hybrid 36A, and tumonigenic revenant cell lines 36A-RE ond J6A-RZ, C, PTEN RNA expression
in UACC 903 cells and chromosome 10 hiybrid cell fines, The partial scquence of the reverss tramscription-PCR product far PTEN exen 4 derived from each cetl fine is shown. D, PTEN
protein expression in UACC 903 cedls and chromosome 10 hybrid ceH lines. PTEN protein kevels are shown along with the Inading control e-enolase. The PTEN antibody recognizes
both human and mouse PTEN protein. The HACI0YA cell line expressed slevated levels of PTEN because of the presence of both human and mouse FTEN protein in the cells

melanomas. To lest this possibility ond demonstrate a direct relation-
ship between Akt activity and PTEN expression in this model, UACC
903 melanoma cells growing in culture were examined to delermine
whether cells lacking PTEN had elevaled Akt activation thal declined
significantly after expression of PTEN protein. Initially. the levels of
phosphorylated versus total Akt protein were measured by Wesiem
blot analysis in melanocytes, UACC 903 cells, and matched nontu-
morigenic and wmorigentc 36A cell lines containing the transferred
chromoseme 10 (Fig. 3A). A phospho-specific antibody (anti-Akt,
Ser-473) that recognizes only phosphorylated (active} Akt indicated a
dramatic reduction in the activation of Akt in hybrid cells expressing
chromosomal PTEN (36A, 29A and 37A) without significant changes
in the amount of total Akt protein when compared with parental
UACC 903 or 36A reveriant cells. Furthermore, it appeared that
expression of phosphorylated Akt was lowered to amounts similar to
those observed in normat human melanocytes (Fig, 3A). Alse, com-
parison of 36A nonmumorigenic and lumorigenic revertant J6A-RI
and 36A-R2 cet! lines showed that PTEN loss was accompanied by
increased levels of phosphorylaled Akt similar 10 those observed in
UACC 903 cells lacking the protein. To demonstraic that PTEN
reduced Akt activity in a manner similar to that of LY-29004 (49), a
known inhibitor of PI3K, UACC 903 cells were treated with the
compound, and changes in the levels of phosphorylated versus total
Akt were measured from densitometric scans of Western blots. LY-
294002 weatmeni reduced the phosphorylated levels of Akt by ap-
prozimately 60-75% compared with untreated UACC 903 cells.
Thus, the observation that Akt phosphorylation were similarly de-
creased in 36A hybrid cells and after treatment of UACC 903 cells
with LY-294002 provided evidence for a direct relationship between
Akt and PTEN in this model,

To confirm that PTEN was the pnimary factor on chromosome 10
responsible for the change in Akt activation, PTEN was cclopically
expressed from adero-associated viruses in 36A-R2 ceils, and the
effects on Akt phosphorylation {activity} were measured, Increasing
volumes of adeno-associated viruses expressing cither wild-type or
catalytically inactive mutant PTEN protein (GI129R) were used to
infect 36A-R2 cells to determine whether ectopic PTEN expression
could reduce the samount of phosphorylated (active) Akt to levels scen
in the originat 36A cell population. Three days afier infection, cx-
pression of PTEN, as well as phosphorylated and total Akt was
measured by Westem blot analysis. Densitometric scans of the blots
were used 10 quantilate the levels of phosphorylated versus total Akt
ai each viral conceniration used to infect the cells. Plots showing Akt
activation versus increasing PTEN expression are shown in Fig. 38 in
which ectopic expression of PTEN or PTEN-HA in 36A-R2 cells
diminished the phosphorylation (activity) of Akt In comrast, catalyt-
icatly inactive PTEN (G I129R) or empty virus had minimal effects on
Akt activation. These resulis identify PTEN as the gene on the
imroduced chromosome 10 that reduced the levels of active Akt in
UACC 903 hybrid cells.

To provide additional evidence that PTEN is an imponant regulator
of AXl in other mclanoma ceil lines in which PTEN capression is
altered, the effect of ectapic PTEN expression was also measured in
the YUDAN-3 and SK-MEL-24 metanoma cell lines, Changes in Akt
phosphorylation (activation) of Lhese cell lincs were compared with
UACC 903 cells, and the results are shown in Fig, 3C. Increasing
amounts of wild-type PTEN, but not catalytically inactive GI129R
PTEN expression, led 10 decreased phosphorylation of Akt withow
significant changes in the levels of total Akt protein, Thus, ectopic
expression of PTEN consistently reduced active Akt in melanoma cell
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{activity). Mclnmocyies serve as a conorol for rormal tissue, The 36A. 36A-R 1, and J6A-R2 nre geneticaliy related cell Vines are only differing in PTEN expression. 8. adenc-nxsociated
viral expression of PTEN in the revernant 36A-R2 cell Tine. The ratio of phosphorylated to total Akt was determined afler viral infection using increasing volumes of virus exprexsing
PTEN. PTEN tagged with HA, catalytically indetive mutant PTEN GIJ9R, of empty virus. C. expression of viral PTEN in the metsnoma cell lines UACC 903, YUDAN.-3, and
SK-MEL-24. The expression of PREM, phosphoryloted-AXL and total Akt are shown after infecrion with inoreasing volumes of viral lysate (7.8, 15.6, 31.3, 62.5. and 123 ui), whereas

no infection or inféclion with the emply virus (7.8, 31.3, and 125 ul of lyxate) served as conrols, These daw are rep

lines lacking functional PTEN protein, indicating 1hat altered PTEN
expression or activity plays an imponant role in regulaling Akt
activity in melanomas.

To determine whether the altered Akt activity mediated by PTEN
led 10 changes in apoptotic signaling, the level of cleaved caspase-3
was measured after ectopic viral expression of PTEN in melanoma
cells. Elevated levels of cleaved caspase-3 indicating higher levels of
apoprosis (50) were abserved after expression of wild-type, but not
mutant GI29R PTEN in UACC 903 cells, suggesting that PTEN
expression increases apoptosis in melanomas (Fig. 4A4). To eliminaic
the possibility that viral overexpression of PTEN led 1o elevated fevels
of apoptosis, the apoplotic rales were compared between UACC 903
celis lacking PTEN protein or hybrid cells expressing chromosomal
PTEN protein using the TUNEL assay. The percentage of apoplotic
cells under different serum condilions and after treatment with the
proapopiotic agent staurosporine are shown in Fig. 4. No difference in
apoptotic rotes was observed between cells lacking or expressing
chromosomal PTEN protein when grown under normal conditions in
DMEM supplemented with 10% serum (Fig. 48). This is illustrated by
comparison of apoptosis rales beiween the genetically matched 36A
and 36A-R2 cell lines that showed no significant difference in apo-
ptosis (Student’s ¢ test; # = 0.119). In conirast, Fig. 4C shows that
lowering the serum concentration to 1% for 48 h 1o induce apoptosis
led 1o —~4-fold higher rates of apoptosis in PTEN-expressing cells
compared with cells lacking PTEN (Student's ¢ test; P < 0.001). Fig.

ive of o of three to four separate experiments.

4D shows that similar results were observed afler 4 h growth in
medium supplemented with 10% serum and | pm staurosporine,
which led 10 2-7-fold higher raies of apoptosis in PTEN-cxpressing
cells versus those lacking the protein (Student’s 7 test; P < 0.001).
This observation was confirmed by Western blot analysis of cell lines
treated with | um staurosporine for 4 h (Fig. 4£). Hybrid cell lines
36A, 29A, and 3TA expressing chromosomal PTEN had elevated
levels of cleaved caspase-3 compared with parental UACC 503 cells
or the 36A revenam cell lines after wreatment with staurosporine.
Collectively, these results demonstrate that expression of PTEN in-
creases susceptibility of melanoma cells growing in culture to apo-
plotic stimuli.

Because the foregoing experiments demonstrated that PTEN sen-
sitized melanoma cells to apopiotic stimuli in vitro, subsequent studies
focused on establishing whether increased apoptosis was the mecha-
nism underlying PTEN-mediated tumor inhibition in vivo. Twenly
million cells of the nontumorigenic (36A and 36B) or | million of the
tumorgenic cell lines (UACC 903 and 36A-R2) were injected s.c. into
4-6-week old female nude mice to 1emporally and spatially moatch
wmor development, Tumor cell masses developing in paraliel from
each cell 1ype were then harvested every 2 days, stariing at day 2 and
ending at day 12, and the rates of apoptosis, growih, and vascular
development were compared. A comparisen of the number of apo-
piotic cells in lumor masses 4 days afier injection into nude mice is
shown in Fig. SA. At each time point, more apopiotic cells were
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observed in the hybrid 36A and 36B tumor masses than in tumors
formed from the UACC 903 or 36A-R2 cell lines. The percentage of
apopiotic cells at 2-day intervals for each cell line is quantified in Fig.
58. In genersi, PTEN-cxpressing celis (36A and 36B) had 3—6-fold
higher rates of apopiosis compared with cells lacking PTEN protein
(UACC 903 and 36A-R2). However, day 2 is the most significant time
point for these comparisons, because cells have just been introduced
to the in vivo environment and are reflecting the stimuli experienced
in the new environment. Comparison of the apopiotic rates between
the genetically maiched cell lines 36A and 36A-R2 ot each time poim
were found to be statistically significantly different from one another
(Student’s 1 test; P < 0.001). Alihough apoptotic rates for all of the
cell fines declined to constant levels by day 8, the rates of apoptosis
for PTEN-expressing cells remained 2-3-fold higher than cell lines
lacking the protein. In contrast to the differcaces in apoptosis, the rale
of growth (Fig. 5C) and vascular development (Fig. 5D) were not
found to be significantly dilferent at day 2. These observations led to
the conclusion thal elevated levels of apoplosis were inhibiting umor
development by melanoma cells expressing PTEN. In additional sup-
pont of this conclusion. Fig. 4C shows that whereas the rate of cell
growth for cell lines lacking PTEN increased steadily from day 4
onwards, the nember of dividing cells remained constant in tumor
masses established from cells expressing PTEN protein (Student's ¢
test: P > 0.05). In addition, Fig. 4D showed that the number of vessels
present in the tumor masses remained relatively constant for all of the
cell lines 10 day 6 aficr which a sieady increase was observed in
tumors developing from cells lacking PTEN compared wilh cells

expressing PTEN protein, Thus, these results confirm that the regu-
lation of Akt-mediated apoptosis by PTEN is critical in melanoma
tumor development and that PTEN loss reduces apoptosis rates,
thereby 2iding melanoma tumonigenesis.

DISCUSSION

This stody demonstrates the biological role that PTEN plays in
melanoma tumorigenesis by exploiting chromosome transfer technol-
ogy together with cancer cell evolulion during tumor development to
demonsirate the relationship between PTEN loss and melanoma tumor
development. Because wmor development only occurred wilh a cor-
responding loss of PTEN expression, this model demonsirates that
altered PTEN pothway signaling in melanomas is not just an in vitro
phenomenon but important in melanoma tumor development. The
melanoma cell line UACC 903 provided an ideal vool for establishing
this model, becavse it had ost a copy of chromosome [0 and dupli-
caled the remaining one that had a mutated PTEN gene (23). There-
fore, both copies of the PTEN geae had an identical truncating point
mutation feaving cells devoid of PTEN protein. The transfer of o
normal copy of chromosome 10 into UACC 903 cells by microcell-
mediated chromosome transfer resulted in PTEN protein levels at near
to normal physiclogical levels. In addition, the PTEN gene was under
normal regulatory control with the RNA undergoing appropriate proc-
essing although only 2 singlc functional copy of the gene was present.
Thercfore, this model also overcame the growth-inhibitory limitations
often encountered after high ectopic expression of tumor suppressor
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Fig. 5. Measurements of apaptosis. profiferation. and angiogen-
esit in melanoma remer masses differing in FTEN expression. A
comparison of TUMEL-pasitive cells intumor masses derived from
UACC 903 parental cells, 36A and 6B cell lines expressing
chromosomal PTEN. ond the twumerigenic reverant J6A-R2 cell
line tacking PTEN protein 4 days alter injection imo nude mice;
magnification. X200, 8 apoptolic rates for esch cell line were
measured ot 2-day infervals using TUMEL assoys on formaline
fined paraffin sections of the tumors, €. percentage of profiferating
cells measured a1 2-tay intervals by xcoring the number of Ki67-
positive cells in formalin-fixed parafTin sections of the mmors, D,
bigod vexsel density was measured a1 2-day intervils by couming
Ihe number of CO3 1-positive vessels in frozen tumer xections. The
data xhown represent the mean of counis from 1wo 1o four separate
tumors: burs. 2SE
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genes in cancer cells using an active promoter element (23, 51). Thus,
this is a biclogically relevant model where PTEN loss occurs during
tumor development in vivo and not as a consequence of evolution in
tissue culture,

Although PTEN expression was al normal physiological ievels in
the hybrid cells, the levels were sutficient o exert a negative effect on
melanoma cell growth in culture. This was evidenced by the genetic
instability or 'V L.OH that we have reported previously after iransfer of

..hromosome 10 into-UACC 903 cells (23). The,genctic helerogeneity . _af patient lumpors.contain, inactivating mutations. However, additional . ... ..

of the ceils undcrgomg 1VLOA made them unsuitable for studying the

role PTEN plays in melanoma tumor development (11). To overcome
this obstacle, the negative effect that PTEN exerts on cell growth in
culture was masked using growth factors present in serum 0 stimulate
PI3K (48). As predicted. this led to activation of Akt (26-30) and
resulted in antiapoptolic signaling (31). Masking IVLOH using
arowth factors present in serum resulied in the establishment of cell
lines stably retaining the intact introduced chromosome. In contrast,
intraduction of these cells into an in vivo environment unmasked the
cffects of serum: therefore, cell growth and wmor development were
retarded unless the protein expression was lost. Isolation of the cells
that lost PTEN during wumor formation resulted in the establishment
of genetically matched celi lines that could be used as tools for
dissccting the signaling mechanisms leading to the evolution of these
cells, Thus, these cell lines were used to confirm the involvement of
PTEN in mclanoma lumornigenesis resulting in a model to demonstrate
PTEN rcgulation of melanoma umor development.

During melanoma tumor development, it is common for an entire
copy of chromosome 10 to be lost from the melanoma cells (2, 10).
This occurs because multiple tumor suppressor genes residing on this
chromosome must be lost in unison during wmor progression, and this
is more efficientdy accomplished by chromosome segregation than by
multiple minational and/or deletional events (11). Loss of the intact
chromosome has hindered dissection of the role that the individual
senes on chromosome 10 pilay in melanoma tumor development.
However, this model has overcome that obstacle by allowing the
biological consequence of a single gene 10 be dissected. Clearly,
tumor development in vive occurs alter loss of PTEN protein from
metanoma cells, thereby demonstrating the importance of this gene
in melanoma tumorigenesis. Whereas the wmorigenic potential of the
melanoma cells reverted 10 more closcly resemble that of the parental
UACC 903 cell line after PTEN loss, tumor development remained
delayed by ~1 week because of retention of a second cancer suppres-
sor gene located at the tip of the short arm at 10p!15.3 (i1). Therefore,
the biological effect of cach gene could be measured using this model.
Ectopic expression of PTEN using adenoc-associated viruses verified
that the model was biologically accurate and that PTEN regulated the
same signaling pathways as PTEN e¢xpressed from the transtered
chromosome |0 present in hybrid cell lines. Hence, this model has
allowed the elfect of the PTEN tumor suppressor gene to be measured
individually and in combination with the others on chromosome 10,
thereby confirming PTEN involvement in melanoma tumorigenesis.

The regulation of cell survival and cell death is an essential process
in wmor devetopment (50, 52). The balance of signals that promote or
impair cell survival defines tissue homeosiasis, and mutated cells that
have escaped the constraints of normal growth regulation can lead to
tymor development {50, 52). In this report, we have shown that PTEN
is one factor regulating melanoma tumor development by cantrolling
Akt-mediated celt survival, In melanocytes, PTEN expression blocks
Akt activation, thereby regulating normal cellular apoptotic signaling.
In contrast, PTEN dysfunction in. melanamas teads to up-regulation of
Alet signaling. thereby reducing apoptosis rates, Thus, melanama cells
lacking functiona! PTEN protein arc beiter suited for surviving in the
in vive tumor environment. Therefore, the model we developed dem-

onstrates the role of PTEN in melanomas by showing thal restoring
functional PTEN protein resulted in reduced Akt signaling and con-
sequently prevenied wmor growth in animal models.

This model has enabled a better understanding of the role PTEN
dysfunction plays in melanoma tumor development by supponing and
extending existing models for PTEN involvement in melanoma tumor
progression. Although studies of cultured mefanoma cells have found
deletions or mutations of PTEN in up to 60% of ccll lines. anly 10%
siudies have suggested that other mechanisms leading o inactivation
of PTEN such as epigenetic alteration or aliered subcellular localiza-
tion might play 2 more prominent role in metanomas. Taken together,
loss uf functional PTEN may occur in as many as 40-50% of sporadic
melanomas (1322, 41). For those melanomas expressing catalytically
active PTEN at nornal physiological levels, it is possible that other
members of the PTEN signaling cascade could have altered activity or
might be funclionally inactivated. This mises the possibility that other
potentially imporiant, as yet unidentified. alterations in proteins up-
stream or downstream of PTEN play an equally important role in
cutaneous melanomas lacking PTEN alteration. Future studies will
determine whether ather components of the pathway are also aliered.
Funthermore, the results presented here suggest that PTEN replace-
ment by viral administration may prove to be a useful and imporant
therapeutic approach for inducing apoptosis in melanomas (50, 52). In
support of this possibility, a recent report has suggested that adeno-
viral-mediated PTEN gene therapy may be a promising treatment for
melanoma wmors, even in those that express normal PTEN protein
(53). In conclusion, this study establishes the biological significance
of PTEN in the development of sporadic human malignant melanomas
by demenstrating the imponance of this gene in melanoma tumor
formation and the underlying mechanism by which its loss aids this
process.
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ABSTRACT

Malignant melanema is the skin cancer with the most significant impact on
man. carrying the highest risk of death from metastasis, Both incidence and
merkality rales continue (0 rise each year, with no effective longterm Lreat-
ment on the horizon, In part, this reflects tack of identification of critical
genes involved and specific therapies targeted o correct these defects. We
report thal selective activation of the AkLY protein promotes cell survival and
tumor development in 43 to 0% of nonfamilin) melonomas. The predormi-
mant Akt isoform active in melanomas was identified by showing that small
interfering RNA (siRNA) against only Akt3, and not Aktl or AKL2, lowered
the amount of phosphorylated (active) Akt in melanoma cdls, The smount of
active Akl3 increased progressively during melanoma tumor progression
with highest levels present in advanced-siage metastatic melanomas, Mech-
unisms of Akt deregulation occorred through a combination of overexpres-
sion of Ak} accompanying copy number increases of the genc and decreased
PTEN protein function occurring through loss or haphbinsufficiency of the
PTEN geae. Targeted reduction of AKLY activity with siRNA or by expressing
aclive PTEN protein stimulated apoptotic signaling, which reduced cell sur-
vival by increasing apoptosis rates thereby inhibiting melanoms tumor de-
velopment. Identifying Akt3 as a sclective target in melanoma cells provides
new Lherapeutic opportunitics for patients in the advanced stages of this
disease,

INTRODUCTION

Of the three major forms of skin cancer, malignant melanoma
carries the highest risk of mortality from metastasis (1-3). The prog-
nosis for paticnts in the late stages of this discase remains very poor
with average survival from 6 to 10 months (3, 4). Currently. there is
no effective long-term treatment for patients suffering from the ad-
vanced stages of this cancer despite many clinical trials testing the
efficacy of a wide variety of therapeutics ranging from surgery 1o
immuno-, radio-, and chemotherapy (4-9). The lack of effective
therapeutic regimes is due, in part, to a lack of information about the
predominant genes altered during melanoma development and thera-
pies specifically targeled to correct these defects (10, 11).

To identify key gencs important in melanoma development, we
have created melanoma tumor progression madels to identify proteins
that may be polential therapeutic targets in particular signaling path-
ways, Recently, we found that the phosphatidylinositol 3'-kinase
(PI3k) Akt signaling pathway plays a crilical role in melanoma tu-
morigenesis ([2). Deregulated Akt activity through loss of the phos-
phatase and tensin homologue deleted from chromosome 10 (PTEN)
phosphatase, a negative regulator of PI3k/Akt stgnaling, was found to
decreasc the apoptotic capacity of melanoma cells and thereby regu-
late melanoma tumorigenesis (12). This study provided direct support
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for elevated Akt activity playing a central role in melanomas, but the
specific Akt isoforms altered and the mechanisms leading to deregu-
lation of these proteins in melanomas are currently unknown.

The Akt protein kinase family consists of three members, Aktl/PKBa,
Aki2Z/PKBB and Akt3/PKBy, which share a high degree of structural
similarity (13, 14). Although all iscforms may be expressed in a particular
cell type, only certuin isoforms may be active. It also uppears that each
isoform can perform unique as well as commeon functions in cells (13-
16). Knockout mice Jacking Aktl are growth retarded and have increased
rates of spontanecus apoptosts in the testis and thymus (I5. 17, 18). In
contrast, Akt2 knockout mice have impaired insulin regulation and con-
sequently a defective capability of lowering blood glucose levels due to
defects in the action of insulin on liver and skeletal muscle (16, 18).
Currently, there is no published report describing the phenotype associ-
ated with an Akt3 knockoul mouse; thus, very little is known about the
specific functions of Akt3 or its role in human cancer.

Genetic amplifications that increase the expression of Akt] or Akt2
have been reported in cancers of the stomach, ovary, pancreas, and
breast (19-24). Although no activating mutations of Akt have becn
identified in melanomas (25, 26), blocking total Akt function by
targeting PI3k (with the PI3k inhibitors Wortmannin or LY-294002})
inhibits cell proliferation and reduces the sensitivity of melanoma
cells to ultraviolet radiation (27). Total Akt activity has also been
measured in melanomas vsing immunohistochemistry to demeonstrate
increased levels of total phosphorylated Akt in severely dysplastic
nevi and metastatic melanomas compared with normal or mildly
dysplastic nevi (28). However, the roles played by individual Akt
isoforms and mechanisms leading to deregulation of particular Akt
isoforms in melanoma is unknown.

Here, we identify that selective activation of Aki3 occurs in 43 to 60%
of sporadic melanomas, occurring as a result of a combination of in-
creased AK3 cxpression accompanying copy number increases of the
Ake3 gene and decreased PTEN protein activity due to loss or haploin-
sufficiency of the PTEN genc. Furthermore, targeted decrease of Akt3
activity using siRNA or PTEN protein expression stimulated apoptotic
signaling, which reduced cell survival and inhibited melanoma tumor
development. Thus, thesc studies identify Ak13 as a sclective target in
melanoma tumor progression and provide a mechanistic basis for in-
creased Akt3 activity during the genesis of sporadic melanomas.

MATERIALS AND METHODS

siRNA Medialed Down-regulation of the Akt Isoforms. To demonstrate
the specificity of siRNA against Akil, Ake2, and Aki3 (Dharmacon, Lafayette,
CO) in UACC 903 cells, hemagglutinin A-tagged Aktl, AkiZ, or Aki3 con-
structs were conucleofected together with each respective siRNA. The gener-
ation of the Akt constructs used for these studies and use in prior siudies are
detailed by Sun ez al. (29), Mitsuuchi ez al. (30), and Brodbeek er al. (31). Each
construct (5 ug). cither alone or in combination with 100 or 200 pmeol of each
respective siRNA pool, was introduced into 7 % 10% UACC 903 cells via
nucleofection using an Amaxa Nucleofector. The resultant transfection effi-
ciency using constructs expressing GIP was >60%. Protein lysales were
harvested 72 hours later, and Western blot analysis was performed as described
previously (12). Nucleofection with siRNA was also used to knockdown
endogcnous expression of the Akt isoforms and/or PTEN (Dharmacon) in
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mclanccytes and in the melanoma cell lines UACC 903, SK-MEL-24,
WMI115, and WM3S. A scrambled siRNA poal (Dharmacon) was used as a
negative control. The Amaxa nucleofeclion reagents and protocal for melano-
cytes were also used with WM35 cells, whereas the other cell lines were
nucteofected using Amaxa Solution Rfprogram K-17. The growth conditions
for these cell lines have been described previously {12, 32).

Western Blotting, Immunoprecipitation, and Kinase Assays, The West-
ern blot procedure and anlibodies used, except for Aktl (Cell Signaling
Technologies, Beverly, MA)Y, Akt2 (Sanla Cruz Bioctechnology, Santa Cruz,
CA). and Akt3 (Upstale Biotechnology, Lake Placid, NY), have been reported
previously (12). An anti-phospho-Akt (Ser-473) antibody was used foc these
studies (Cell Signaling Technologies; ref. 12). For immunoprecipitation, pro-
tein was collected after addition of protein lysis buffer {50 mmol/L. Tris-HCI
(pH 7.5), 0.1% Triton X-100. 1 mmol/. EDTA. 1 mmol/L EGTA. 50 mmol/L
NaFl, 10 mmol/L sedium B-glycerol phosphate, 5 mmol/L sodium inorganic
pyrophosphate, | mmol/L. sodium orthovanadate, 0.1% 2-mercaptoethanol,
and 0.5% prolease inhibitor mixture (Sigma, St. Louis, MO) to plates of cells
lollawed by snap freezing in liquid nitrogen, Cellular debris was pelleted by
centrifugation (210,000 X g) of lysates, and protein concentration was quan-
litated using the Rio-Rad Protein Assay (Bio-Rad, Hercules, CA). Protein for
immunoprecipitation (100 pg) was incubated with 2 ug of Aktl or Akt2 or 5
ull of Aki3 antibody overnight at 4°C with constant mixing. A no antigen
negative control was prepared by adding antibody to the lysis buffer only.
Next, 15 ubL. of equilibraled GammaBind G Scpharose beads {Amersham
Biosciences, Piscataway, NJ) were added to each tube and incubated for 2
hours (4°C) with constant mixing. Pelleted beads were washed twice with lysis
butfer to remove unbound antibody and protein. Samples were then clectro-
phoresed under reducing conditions according Lo the protecol provided by
Invitrogen Life Technologies, Inc, (Carisbad, CA) with the NuPage Gel
System. Western blods were probed with an anti-phospho-Akt {Ser-473) anti-
body and quantitated by densitometry as described previously (12).

For cach Akt kinase assay, 15 pL of cquilibraied GammaBind G Scpharose
beads were incubated with 2 pg of Aktl or Akt2 antibody, or 5 ul. of Akt3
antibody in a volume of 350 pl. of lysis buffer at 4°C with constant mixing for
=2 hours. Microeystin (1 wmol/L) from MP Biomedicals (Irvine, CA) was
added to the lysis buffer to ensure complete inactivation of cetlular PP1 and
"2 phosphatases. The antibody/Sepharose complex was washed twice with
750 pl, of lysis buffer and then incubated with 100 pg of protein in a volume
of 350 L. overnight at 4°C with constant mixing. This complex was washed
with 500 ul. of lysis buffer (3X) and then once with 500 ul. of assay dilution
buffer [20 mmol/L 4-morphaolincpropanesulfonic acid (pH 7.2), 25 mmol/L
B-glycerol phosphate, 1 mmeol/L sodium orthovanadate, and 1 mmol/L dithi-
othreitol]. Protein kinase A (PKA) inhibitor peptide (10 gemol/L) from Sana
Cruz Biotechnology (Santa Cruz, CA), 37.5 pmol/L. ATP, 17 mmol/L. MgCl,,
0.25 pCifL [v**P]ATP, and 90 pmol/l. Aki-specific substrate Crosstide
from Upstate Biotechnology (Lake Placid, NY) were added to the tubes in
assay dilution buffer and incubated at 35°C for 10 minutes with continuous
mixing. Nexl. 20 pL of liquid were transferred to phosphocellulose paper,
which was washed three times Tor 5 minutes with 40 mL of 0.75% phosphoric
acid. After a 5-minute acetone wash, the phosphocellulase was allowed to dry
and lransferred 10 a scintillation vial with 5 mL of Amersham Biosciences
scintillation fluid, and counts per minute were measured in a Beckman Coulter
LS 3801 Liquid Scintillation System (Fullerion, CA).

Studics Using Human Tumor Matervial. Collection of melanoma tumors
from human patients was performed according o protocols approved by the
Penn State Human Subjects Protection Office, the Dana-Farber Cancer Insti-
tute Protocol Administration Office, and Cooperative Human Tissuc Network.
Formalin-fixed paraffin-embedded archival melanoma specimens were used
for immunohistochemistry to measure phosphorylated Akt. Sixty-three archi-
val specimens of melanocytic lesions were used for immunohistochemistry
cxperiments with the phospho-Akl (Ser-473) monoclonal antibody (Cell Sig-
naling Technologies) at a 1:50 titer according to the manufacturer’s recom-
mended protocol. S pecificity and intensity of staining were determined through
qualitative comparison with internal bloed vessel endothelium, squamous
epithelium, or smooth muscle controls present in cach specimen.

Tumer protein for Western blotling or immunoprecipitation was collected
by using a mortar and pestle chilled in liquid nitrogen to pulverize tumor
material flash frozen in liquid nilrogen, which consisted of >60% tumor
material. One mL of protein lysis buffer was added for every 200 mg of tissue

powder and sonicated for 2 minutes (15-second intcrvals) in an ice-hlled
sonicator bath. The samples were centrifuged (—12.000 X g) at 4°C for 10
minules. The supernatant was transferred 10 a ¢lean tube and quantitated using
the Bio-Rad Protein Assay,

Animal Studies and Apoplosis Measurements, Animal experimentation
was performed according to protocols approved by the Institutional Animal
Care and Use Commitice at the Pennsylvania State College of Medicine.
Athymic female nude mice were purchased from Harlan Sprague Dawley
(Indianapolis, IN), and tumor kinetics were measured by s.c. injection of
1 10° cells in 0.2 mL of DMEM containing 10% fetal bovine serum above
the left and right rib cages of 4- to 6&week-old nude mice. For animal
experimentation involving siRNA, 1 X 10° UACC 903 cells were nucleofected
with siRINA to Akt isoforms, and 48 hours later, celis in 9.2 mL of DMEM
containing 10% fetal bovine serum were s.c. injected above the left and right
rib cages of pude mice. The dimensions of the developing tumors were
measured on allemating days using calipers. When measuring apoplosis,
5 % 10° cells were injecied per site, and four to six tumors were harvested 4
days later. Apoptosis measurements were performed on formalin-fixed, par-
aflin-embedded tumor sections using Lthe Roche terminal deoxynucleotidyl-
ransferase-mediated nick end labeling (TUNEL) TMR Red Apoptosis kit
(Mannheim, Germany) as described previously (12). A minimum of eight
fields were counted from three or (our different tumor sections, and the number
of TUNEL-positive cells was expressed as the percentage of apoptotic cells.

Statistics. For stalistical analyses. the one-way anmalysis of variance
{ANOVA) or Kruskal-Wallis ANOVA on ranks was used [or groupwisc
comparisons, followed by the appropriate pest hoe tests (Dunnei’s or Dunn's).
Results were considered significam at P <2 0.05.

RESULTS

Isoform-Specific siRNA Identify Akt Involvement In Mela-
noma. In a recently described experimental genetic melanoma model
(12). we found that deregulaled Akt activity (through PTEN loss)
plays a critical role in melunoma tumorigencsis by decrcasing the
apoplotic capacity of melanoma cells (12). The model was cstablished
using the melanoma cell line UACC 903, which has elevated levels of
phosphorylated Ser473 Akt (a measure of activity) due to loss of
active PTEN protein (Fig. 1A: ref. 12). Expression of PTEN protein in
UACC 903 cells resulted in diminished Akt activity in three inde-
pendently derived cell lines (36A, 29A, and 37A), which was reversed
in revertant cell lines that lost functional PTEN activity (36A rever-
tants) during tumorigenesis. Therefore, we reasoned that because this
model reflects the importance of Akt in melanoma tumorigenesis, it
could be used 1o identify the specific Akt isoforms whose dercgulated
activity controls mclanoma tumor develepment,

Ta identify the predominant Akt isoform active in melanomas, we
used siRNA specific to each Akt isoform to deiermine the extent to which
each isoform reduced the amount of phosphorylated (active) Akt in the
parental UACC 903 {—~PTEN) cell line. The specificity of knocking
down cxpression for each Akt isoform in UACC 903 cells was deter-
mined by conucleofecting constructs expressing tagged hemagglutinin
A-Aktl, hemagglutinin A-Akt2, or hemagglutinin A-Aki3 together with
sIRNA specific for each isoform. Attesting 1o specificity, each Akt
siRNA was found to only reduce cxpression of the endogenous or
ectopically expressed Akl isoform against which it was made (Fig. 18).
The specificity of the antibodics used throughout this study was measured
by Western blot analysis of immunoprecipitated ectopically expressed
hemagglutinin A-lagged Aktl, AKt2, or Aka3. Attesting to the specificity
of the antibodies, cach only recognizes the specific isoform against which
it was made (Fig. 1C). A no antigen control lane for the immunoprecipi-
tates was uscd to differentiate between nonspecific background bands in
the immunoprecipitate and specific interaction between antigen and an-
tibocly, Next, siRNA 1o each Akt jsofonn was nucleofected into the
UACC 903 cell line as well as two additional independently derived
melanoma cells lines (WMI15 and SK-MEL-24) 1o determine which
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Fig. 1. Identification of Akt3 involvemenlt in malignanl melanoma. A, Akt activity in the melanoma cell line UACC 903 is mgulated by PTEN. Western blot analysis showing
expression of phosphorylated-Akt (Ser-473), total Akt, PTEN, and a-enolase (loading control). The 36A, 29A, and 37A cell lines are genetically related cull lines crealed from the
UACC 903 parental cell line that express PTEN. Tumaorigenic revertant ¢ell lines derived from the 36A cell line are considered isogenic, differing only in PTEN expression, Melanocytes
scrve as a control for narmal cells. The graph represents densitometric scans from Lhree separate Western blots to quantitatively demonstrate the level of phosphorylated lo total Akt
in cach cell line; bars, =SEM: stalistics, onc-way ANOVA followed by Dunnet’s multiple comparisens versus the melanocyle contrel; +, P < 0.05. B, siRNA for cach of the Akt
isnforms demanstrates specific knackdown of endogenaus andfor each ectopically expressed Akt isoform in the JACC 903 cell line, Constnicts expressing tagged hemagglutinin
A-AKI] (HA-Akd), hemagglutinin A-AKL2 {ITA-Ak2), or heragglulinin A-AktY (HA-AkT) were conucleolected togelher with siRNA specific to Akll, AktZ, or Ake3 inlo UACC 903
cells. Cells were nucleofecied with 100 (Igff) or 200 pmol (right) of each respective siRNA. Controls were non-nucleofected ar vector-only nucleofected cells, Western blots (W8) were
probed with antibedies to hemagglulinin A (£4) to detect the ectopically expressed prolein as well as with antibodies o Aktl, Aki2, and Akt to measure changes in endogenous and
ectopic prolein levels. m-Enolasc served as a loading control. C, Antibodies recognize enly the specific Akl isoform against which cach individual onc was made, Western blot analysis
of immunopeecipitaied ecropically expressed hemagglutinin A-tagged Aktl, Akt2, or Aktd (/JA-Akt], HA-AkrZ, and [TA-Akt3), Canirol was immunoprecipitated with no antigen added.
13, SIRNA-medialed knockdown of Akt3, but not Aktlor Akt2, ablers level of phosphorylated Akt {acUvily} in the metanoma cell lines UACC 903, WM 5, and SK-MEL-24, Western
blot analysis showing expression of phosphorylated-Akt (Ser-473), Akt3, Aki2, Aktl, and a-enolase after nucleofection with 50 (leff) or 100 pmal (righf) for each respective SIRNA,
Controls were non-nucleofected or cells nucleofected with scrambled siRNA. Dala are representative of a minimum of two separale experiments. The loading control for these
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sIRNA lowered the level of phosphorylated (active) Akt in these cells
(Fig. 1D). Whereas siRNA to Akt]l or Ak2 had only a negligible.
nonsignificant effect, siRNA 1o Ak(3 significantly reduced the levels of
phosphorylated tofal Akt, suggesting that Akt3 was the isofonn repulat-
ing wmor development in the UACC 903 (PTEN) model (12). Because
all three independently derived melanoma cell lines indicated that Aki3
was the predominant active isoform in melanomas, subsequent experi-
ments primarily focused on examining Ak(3 deregulation and used Aki2
anc/or Aktl as a control for comparison because these jsoforins have
been reporied 10 be activated or amplified in multiple types of cancers
(20-24).

To further confirm that Aki3 was the predominant isoform whose
activity was specifically reduced by PTEN in the UACC 903 (PTEN)
wmoerngenesis model, Ak3 activity was measured by immunoprecipitat-
ing total Akt3 or Aki2 from cell lysaies followed by Western blotting to
estimate the amount of phosphorylated (active) Akt in the immunopre-
cipitate (Fig. 1E). Phosphorylated Akt3, but not Akt2. levels were ele-
vated in the parental UACC 903 cell line as well as the two tumorigenic
revertant 36A cell lines that lack PTEN. In contrasy, barely detectuble
levels of phosphorylated Akt3 were observed in the 36A, 29A, or 37A
cell lines, which had low levels of Akt activity, ostensibly due to PTEN
expression {12). To verify that the phosphorylated levels of Akt3 re-
flecled active Akt, immunoprecipitated Akt3 and Akt2 were assayed in
an in vitre Kinase assay, and the results for Akt3 are shown in Fig. 1F. A
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Fig. |. Continued.

experiments was a-enolase. £, Phosphorylated Ake3 is reduced when PTEN protein is
present in the UACC 903 (PTEN) tumorigenic model, Akt and Akt2 wene immunopre-
cipitated from cell lines in the UACC 903 (PTEN) tumorigenic model and analyzed by
Weslern blotting with an anlibody recognizing phosphorylated AXl. The FTEN-expressing
36A, 29A, and 37A cell lines were derived from the UACC 903 parental cell line that
lacks PTEN protein. The lwo lumorigenic revertant cell lines were derived from the 36A
cell line and no longer express PTEN. A megative sntigen control is shown toguther with
positive and negative controls for Ak13 and Ak2. Conteols for Akid and Akt2 were HEK
293T or LNCaP cells, respectively, untreated (positive) or treated with EY-294002 (negative),
an jnhibitor of PI3k. £, Akt activity is redueed in the presence of PTEN in the UACC 903
{PTEN) tumorigenic mxedel. Immunoprecipitaled Akt was vsed in an in vitre kinase assay in
which Crosstide was phosphorylated by Akt3 to estimate activity. Plot shows activity afler
subtraction of the no anligen negalive control; bars, >SEM, statistics, one-way ANOVA
fallowed by Tunnet's multiple coinparisons versus the melanocyle control: #, P < 0,05,
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Fig. 2. Increased Ak13 expression and activity eccur during melanoma tumor progres-
sion. A, An increase in the level of phosphorylated (active) Akt (p-Akr) occurs during the
radial growth phase (RGP) in the melanoma tumor progression model, Western blot (WB)
comparing the amount of phosphorylated Akt in melanocyies with low-passage melanoma
cell lines established from primary tumnors a1 the radial (WAf3S and W32/ 1) and vertical
(VGP, WM115, WM9B.J, and WM278) stages of growth. Total Akt is shown for com-
parison. B, comparison of Akt3 versus Akt2 and AkL] expression in the melanoma tumor
progression madel. Western blots showing the levels of expression of Aked, Akt2, and
AXt] are shown together with a-cnolase as a loading control. C, Aki3 is preferentially
aclivated in cell lines of the melanoma turnor progression model compared with Akt2.
Akt3 or Aki2 was immunoprecipitated from each cell line and subjected to Western blot
analysis to measure the amount of phosphorylated Akt in the immimoprecipilate, An
ingrease in the level of phasphorylated {active) Aki} occurs during the radial growth phase
in the melanema tumor progression model,

statistically significant differcnce in AkS (Tig. 1F), but not Ake2 activity
(data not shown), was ideatified in reveniants (—PTEN) compared with
PTEN-expressing cells (P < 0.05). Collectively, these results indicate
that Ak13 activity was specifically regulated by PTEN in the UACC 903
(PTEN) wmorigenesis model.

Increased Akt3 Activily Occurs Early during Melanoma Tu-
mor Progression. Melanocytes are thought to be capable of trans-
forming dircctly into a melanoma (33). Alternatively, melanocyles
can follow a model of tumor progression in which they evolve in a
stepwise fashion from common nevi, to atypical nevi, to melanoma in
situ (radial and vertical growth phases), and finally 1o metastatic
melanomas (33). Regardless of the process, the evolution of more
aggressive tumor cells requires the accumulation of allerations affect-
ing fumar suppressor genes and oncogenes. These, in fum, result in
subpopulations of cells that have ever-increasing selective growth or
survival advantages that promote the tumorigenic process.

To provide evidence for the selective involvement of Aki3 during
mclanoma tumor progression, expression and activity of the Akt
ijsoforms were measured in a melanoma tumor progression model
(generously provided by Dr. Meenhard Herlyn; refs. 32 and 33). In
this progression model, melanocytes are compared with low-passage
cell lines established from primary melanoma tumors at the radial
(WM 35 and WM3211) and vertical (WM 115, WM98.1, and WM278)
stages of growth. In comparison with melanocytes, Fig, 24 shows that
one of the twe radial growth phase and all three of the vertical growth
phase cell lines had elevated phosphorylated Aki, which suggested
that Akt activity increased carly during primary melanoma develop-
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ment in the radial growth phase. Next, expression of the Akt3 isoform
was examined by Western blotting and compared with Akt] and Akt2
cxpression in these cell lines (Fig. 2B). Ak13 expression was found to
be clevated in all except the WMOS8.1 radial growth phasc cell line
when compared with melanocytes. Because expression does not nec-
essarily reflect activity, the amount of active Akt3 was examined by
immunoprecipitation of Akt3. Akt2, or Akl followed by Western blot
analysis to measure the level of phosphorylated Akt in the immuno-
precipitule. In comparison with melanocytes, Ak3 activity was ele-
vated in all except the WM335 radial prowth phase cell line (Fig. 2O).
Natc that even though Akt3 protein expression in the WM98.1 vertical
growth phase cell line was similar to that observed in melanocytes,
Akt3 activity was significantly higher. In contrast to the Akt3 results,
Aki2 expression was clevated only in the radial growth phase cell
lines in comparison with melanocytes (Fig. 2C). Only the WM3211
radial growth phase cell line had a corresponding increase in Akt2
activity. however, these cells also had clevated Aki3 activity when
compared with melanocytes. Aktl expression for all of the cells lines
was lower than that observed in melanocytes (Fig. 28). These daa
suggest that Akt3 was the predominant Akt isoform active in the
melanoma tumor pregression model.

Frequency of AKLY Deregulation in Tumors from Mclanoma
Patients. Because the foregoing experiments identified Akt3 as the
predominantly active Akt isoform in both the UACC 903 (PTEN) tu-

morigenesis and melanoma tumeor progression models, subsequent in viveo
studies focused on establishing the frequency of Akt3 deregulation in
tumors from melanoma patients. The relative intensity of total phospho-
rylated Akt was initially assessed in melanocytic lesions by immunchis-
tochemical analysis of common nevi, dysplastic nevi, primary melano-
mas, and metastases from melanoma patients to determine the frequency
of Akt activation. Examples of the staining resulis are shown in Fig. 3A.
Whereas weak-to-moderate levels of staining were delected in 100% of
common nevi, strong staining was observed in 12% of dysplastic nevd,
53% of primary mclanomas, and 67% of metastatic melanomas (Fig. 38).
These results suggest that whereas Akt activity may serve some uniden-
tified role in nevi development, deregulated Akt activity is indicative of
a more advanced tumor stage.

Analyses of the genomic regions containing the Akt/, Ake2, and Alu3
genes, from a published report (34), has not found amplification in
melanoma. However, the 1g43-44 region containing Akt3 docs undergo
copy munber increases (34-36), which suggest overcxpression as a
mechanism contributing to increased Akt3 activity in melanomas. In
contrast, the 14q32 region containing Aktl and the 19913 region con-
taining AktZ remain unchanged or tend to undergo loss (34-36). To
establish whether increased Akt3 expression could be a selective mech-
anism leading 10 increased activity, prowin lysates from 30 metastatic
melanoma patients’ tumors were extracted to compare the level of ex-
pression and activity of the three Akt isoforms in the umor material,

A

. Common nevus
(Weak- to-moderate p-Akt staining)

C

54]

w)

Expression Activity
LT T £ Vava L 2 1 - SO SO USSR OV Y e
et -]
£ 8 8o 501 £ 50
9 « 3
3 F 1 so-
£ $ &0 'E g so 5 50
P & = g
= S k] § aAn- r
[~ < 8 340+
£8 4. 3 %
‘E £ gE 30- 8.
£% ] £ 26+
aE £3 50 F
&g 207 EE @
2 &
- RTY g 101
obbeda L 35 . 2
& T 5 3 5 ¥ i H L
Common  Dyspfastle ~ Primsty’  Metpsiatic ot ™ g P 6 o
novi eyl mRanomat  meinomas Akl Akt Akt * AktS Akt2 Akt

Fig. 3. AkI3 activity is increased in lumors from melanoma patients. A and B, relative intensity of phosphorylated Akt (p-Akr) staining in common nevi, dysplastic nevi, primary
melanomas, and melasiases from melanoma patients. A. Staining inlensity was scored as weak-to-moderate or strong, Weak-to-moderate siaining indicales thal tumor cells were stained
1o an intensity similar 1o that in pericytes adjacent to blood vessels in the same section. [n contrast, strong staining Indicates staining to a preater intensity than in pericyies. Arrows
point 1o examples of cach type of sinining. 8, percentage of common nevi, dysplaslic nevi, primary melanomas, and metastases from melanoma patients staining weak-to-moderate
or strongly for p-Akt. Statistics, # < 0.05 for a versus c, d and b versus d. C, Akt3 is prefercatially overexpressed in metasiatic melanomas from human paticnts compared with
melanocyles. Akt3, Akt2, and Aktl expression were measured from metastatic melanomas desived from 30 tumors. Expression of each isoferm was normalized to a-enalase cxpression.
The graph quantitatively compares the leval of expression of each Akt isoform. Only tumors in which expression is >2-fold that occurring in melanocytes were scored. D, Activity
of Akt3, but not Aki2 or Aktl, increnses in tumors from melanoma patients compared with melanocytes. Activity was deterrnined by immunoprecipilation of Akt3, Aki2, or Aktl

followed by Western Blot analysis with an antibody recognizing phosphorylated Akt,
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Three independent Western blots were used 1o quantitate expression in
each sample. which was then compared with expression in melanocytes
(Fig. 3C). Overall, 60% (18 of 30) of the mmars had elevated Ak3
protein expression, ranging from an ~2- to 9-fold increase over the
expression observed in melanocyles. In comparisen, Aktl and Aki2
protein expression was elevated in 10% (3 of 30) and 3% (1} of 3Q) of
tumors respectively, ranging from a 2- 0 3-fold increase over the ex-
pression observed in melanceytes, These results are consistent with the
lype of copy number increases of the region of chromosome 1g43-44
containing the Akr3 gene reported in the literature to occur in melanoma
tumers (34-36). Next, levels of activity were measured by quantifying
phosphorylated Akt in Ak13, Akt2, or Akll immunoprecipitates. Strik-
ingly, levels of phosphorylated (active) Aki3 greater than that observed in
melanocyles were detected in 43% of the samples (Fig. 3D). In contrast,
ne phosphorylated Ake2 (except for the positive control) and 0% phos-
phorylated Akil was detected in these tumors. These data confirm the
involvernent of AKL3 derepulation in 43 10 60% of twmeoers from ad-
vanced-siage melanoma patients and suggest that increased cxpression is
one of the mechanisms contributing lo dercpulated AKI3 aclivily in
melanomas.

Mechanisms Underlying Akt3 Deregulation in Melanomas. The
forcgoing experiments identified Akt3 as the predominanty active iso-
form in wvitre in cell culture models and i vive in patienl umors,
Therefore, we next focused on determining the mechanisms leading to
derepulated Akt3 activity in melanomas. Because the initial UJACC 903
(PTEN) tinorigenesis model supgested that PTEN played a significant
wle regolating Akt activity in melanomas, we examined whether de-
creased expression of PTEN direcily and specifically increased Akt3
activity. To accomplish this objective, PITN expression (activity) was
knocked down by siRINA in melanocytes and radial growth phase pri-
mary mekinoima cells (WM35) to measure the effect on the level of
phosphorylated Akt. The WM335 cell line was chosen becausce these cells
have negligible basal Akt3 activity (see Fig. 2C) and cxpress PTEN
protein. As predicted, Fig. 44 and B show that siRNA-mediated down-
regulation of PTEN led 1o an increase in total phosphorylated Akt (Fig.
4A and B, Lares 4 and 1), whereus a scrambled siRNA control exerted
a negligible, nomsignificant effeet (Fig. 44 and B, Lanes 2 and 9). The
predominant Akt isoformn activated after PTEN down-regulation was
determined by conucleofection of siRNA against PTEN together with
siRNA to Aktl (Fig. 44 and B, Lanes 5 and 12), Ak12 (Fig. 44 and 5,
Lanes 6 und 13). or Ak3 (Fig. 4A and B, Lanes 7 and /4). Only siRNA
directed against Aki3 (Fig. 44 and B, Lanes 7 and 14} lowered the level
of phospharylated Akt to that observed in non-nucleofected cells (Fig. 44
and B, Laries I and 8} or cells nucleofected with scrambled siRNA only
(Tig. 4A and B, Lanes 2 and 9). In contrast, reduction of Aktl or Akt2
protein levels did not reduce the amount of phosphorylated Akt, again
attesting 1o the selectivity of the Akt3 dercgulation, Hence. selective
regulation of Akt3 activity by PTEN is a significant mechanism for
activating Akt in melanomas, becavse PTEN loss increases Akl3 activ-
ity without overexpression. Thus, a reduction in PTEN could, in turn, lead
10 an increase in the cellular phosphatidylinositol 3,4,5-risphosphate
concentration, which would be effective for specifically increasing Akt3
activity in melanomas. The mechanism underlying this specificity is
currently unknown.

Studies involving tumor material from melanoma patients indicated
that increased cxpression of Akt3 might also play a significant role
augmenting Akt3 activity in melanomas. To investipate this possibility,
Akt3 was overcxpressed in melanocytes and WM35 cells (not shawn)
that express PTEN proiein. Five jog of hemagglutinin A-tagged wild-type
Akt3, a kinase dead version of Akt3 T305A/S472A (inactive) or a
myristoylated Akt3 (active) was overexpressed in melanocytes (Fig. 4C).
Cells were then starved of growth factors for 24 hours and replenished
with complete media, and then lysates were harvested 30 minutes later.
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1 2 3 4 5 8 7
B RGP Primary Melanoma (WM35)
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Fig. 4. Mechanism underlying deregulaled Akt3 activity in malignant melanomas.
Decreased PTEN expression (activity) specificalty increases Akt3 activity in melanocytes
(A) and WM3S5 [radial growth phase (RGP)] cells (B). siRNA-mediated reduction of
PTEN is shown alone (control} or in combination with scrambled siRNA or with siRNA
against Aki3, Ak12, or Akt). Western blot analysis shows expression of phosphorylated
Akt, Akt3, Akt2, Aktl, and PTEN. e-Enalase served as a loading contrel, C, Overex-
pression of Aki3 in human melanocytes increases the levels of phosphorylated Akl
Wild-type. (w) Akt3, dead Akt {inactive), or myristoylated {myr) Akt3 (actve) was
nucleofected into melanocyles. Akt phosphorylntion (activity) was mensured by Western
blot analysis ta measure levels of phosphorylated Akt (Ser-473). Western blat analysis of
Akt3 shows both endogenous and ectopically expressed protein levels, Arrowhead shows
location of endogenous Akid, whereas arrow indicates eciopically expressed hemagglu-
Unin A-tagged AKki3.
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COrverexpression of wild-type Akt3 and myristoylated Akt3 led to in-
creased levels of phospherylated total Akt in comparison with vector only
or cells nucleofected with kinase dead Akt3, Furthermore, siRNA-medi-
ated knockdown of PITN together with Akt3 overexpression led to
higher levels of phosphorylated Akt compared with wild-type Akt3
expression alone (data not shown). Thus, averexpression of Aki3 alone or
in combination with PTEN loss is an additional mechanism contributing
to elevaled Akt3 activity in melanomas.

Increased AkL3 Actlvity Promotes Melanoma Tumorigenesis by
Decreasing Apoplosis. Because deregulated Akt3 activity was ob-
served consistently in melanoma tumors, sibsequent studics focused
on determining the mechanisms by which increased Akt3 activity
promoted in vive tumorigenesis. Cell lines from the UACC 903
(PTEN) tumorigenesis or UACC 903 (Akt) siRNA moedel were used
to determine whether altered apoptosis was the mechanism by which
elevated Akt3 activity promoted melanoma tumorigenesis in a nude
mouse model. Five million cells were injected subcutancously into
nude mice, and temporally and spatially matched tumor masses de-
veloping in parallel from each cell type were then harvested 4 days
later to compare the magnitude of apoptosis, asscssed by TUNEL
(Fig. 5: ref. 12). A significanily greater number of apoptotic cells were
observed in 36A (+PTEN) tumor masses having low Akt3 activily
than in fumors formed from the parental UACC 903 (—PTEN) or 36A
revertant (—PTENY) cell lines. which have high Akt3 activily (Fig. 54
and €, P < 0.05). Similar results were observed in UACC 903 cclis
in which siRNA against Akt3 was used to lower Akt3 expression
(activity). Cells nucleofected with buffer only or sSiIRNA against Akt2
had approximately 5- to 7-fold fewer apoptotic cells than UACC 903
cells treated with siRNA against Aki3 (Fig. 58 and D; P < 0.05).

To measure the effect of the altered apoptotic response on tumor
development, vne million cells from the UACC 903 (PTEN) wmorigen-
esis or UACC 903 siRNA (Akt) modcl were injected beneath the skin of
4- to 6-week-old female nude mice, and the size of the tumor formed was
measured 10 days later. Fig. 5F shows that 36A cells having reduced
Ak13 activity were nontumorigenic in comparison with parental UACC
S03 and revertant 36A cells having elevated Akt3 aclivity (# < 0.05).
Although the tumorigenic potential of the 36A revertant cells increased
significantly compared with 36A cells, tumor development remained
delayed due to retention of a second melanoma suppressor genme on
chromosome 10 that was uscd to create this model (37). In a similar
fushion, siRNA-mediated reduction of Akt3 expression (aclivity) in
UACC 903 cells significantly slowed tumor development in cotnparison
with cells nucleofected with only buffer, scrambled siRNA, or siRNA
against Akt2 or Aktl (P < 0.05. Fig. 5F). Thus, either specifically
reducing Ak activity vsing siRNA against Ak (Fig. 4B) or increasing
PTEN expression (Fig. 44) inhibited melanoma tumor development in
mude mice. Thus, these results demonstrate that AK3 activity preferen-
tially repulates the exient of apoptosis, thercby aiding melanoma cell
survival and promoting tumorigenesis.

DISCUSSION

In this study, we demonstrate that Aki3 is an important survival
kinase, in part, responsible for melanoma development, The DACC
903 (PTEN) melanoma mode) reflecied the importance of Akt in
melanoma tumorigenesis and was used to identify Akt3 as the pre-
dominant isoform deregulated during melanoma tumorigenesis. The
use of sjRNA in this model also demonstrated that selective knock-
down of Ak13, bui not Aktl or Akt2, decreased the level of total
phosphorylaled Akt and lowered the tumorigenic potential of mela-
noma cells. Similar results were found in two independently derived
melanoma cell lines (WM115 and SK-MEL-24), further supporting
the significance of this discovery, The clinical relevance of this

observation was validated by demonstrating that selective inhibition
of Aki3 expression (by SiRNA knockdown) or activity (by PTEN
expression) significanily reduccd melanoma tumor development,

Two distinet mechanisms leading to Akt3 activation in melanomas
were identified in this study. The first mechanism is dependent upon
overexpression of the structurally normal AkL3 protein. Analysis of
advanced-stage melanomas from human patients showed increased
expression in >60% of the cases. Overexpression of Akt3 in mela-
nocyles and WM35 cells led o increased activity confirming the
human tumor resuits. Overexpression of Akt is not unique to mela-
nomas but has been documented in several human cancers with a
number of studies reporting amplifications of the Akt isoforms. Am-
plification of Akt! has been reported in stomach cancer (19), whereas
Akt2 pene amplification has been found in cancers of the ovary,
pancreas, stomach, and breast {(20-24). Although no amplifications of
the genomic regions containing the Akr genes have been reported in
melanomas, several reports describe copy number increases of the
long arm of chromesome | containing the Aki3 gene (34-36). In
contrast, the long arms of chromosome 14 and chromosome 19
containing the Akt/ and Aki2 genes, respectively, tend to be un-
changed or undergo loss (34 -36). Thus, copy number increases of the
Akt3 gene are one of the mechanisms contributing to increased ex-
pression and activity of Akt3 in melanoma development.

The sccond mechanism involved selective Ak activation in the
UACC 903 (I"TEN) modcl and was in part due 1o decreased PTEN
activily. A related observation in melanocytes and primary melanoma
cells that retain PTEN expression (WM35) showed that siRNA-mediated
reduction of PIEN specifically increased Aki3 phosphorylation (activ-
ity), further reinforcing the significance of Akt3 involvement in mela-
noma development. Published studies that characterize the genetic
changes cccurring in turmor material obtained from melanoma paticnts
provide additional support for decreased PTEN expression playing a
significant role in early melanoma development (34-36, 38). Specifi-
cally, loss of one allele of PTEN, or PTEN hapleinsufficiency, comnmonly
occurs in early melanomas through Ioss of an entire copy of chromosome
10 (3436, 38), Under this condition, it is predicted that loss of chromo-
some 10 reduccs PTEN expression in a subpopulation of evolving mel-
anoma cells, leading to increased Akt3 activation, providing these cells
with a sclective growth and survival advantage. Therefore, decreased
expression due to haploinsufficiency or loss of activity of PTEN in
melanoma plays an important role in melanoma tumor progression by
specifically increasing AKI3 activity.

The underlying molecular basis for selective Akt3 activation, over
Aktl and Akt2, after decreased PTEN expression in melanomas is
unknown. However, we speculate that the mechanism leading 1o this
specificity involves preferential interaction of phosphatidylinositol
3.4.5-trisphosphate and/or accessory proteins with the pleckstrin ho-
mology domain, The NH_-terminal plecksirin homology domain me-
diales protein-protein and phosphatidylinositel 3 4,5-trisphosphate
lipid-protein interactions. ‘The pleckstrin homology domain of human
Ak13 is ~104 amino acids long (National Center for Biotechnology
Information accession no. NI_005456) and 849% and 78% identical to
Akl and Aku2, respectively (13, 14). Furthermore, within the pleck-
strin homolegy domain are phosphorylation sites that differ belween
the Akt isoforms and have as yet uncharacterized functions. Recently,
a ceramide-induced, PKCE-dependent, phosphorylation site at threo-
nine 34 (within the pleckstrin homology domain), has been shown to
lead to inactivation of Aktl by preventing binding to phesphatidyl-
inositol 3,4,5-trisphosphate (39). On the other hand, Akt2 and Akt3
have a serine at this position, which may be phosphorylated and
regulated differently, Qur analysis of other potential phosphorylation
sites within the pleckstrin homology domain of the three Akt isoforms
identified three potential unique Akt3 sites. Residue 21 of AkE3 is an
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Tig. 5. Increased Akt activity promotes melanoma tumor development by reducing apopiosis rates, A through D, PTEN or siRNA-mediated reduction of Akt increases apoptosis
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analyzed 4 days after injectlon of eelis into nude mice: magnification, X 200. The controls were UACC 903 cells or UACC 903 cells nucleofected with buffer only. Whire nuclei represent
cells undergoing apoptesis, E. PTEN-mediated reduction of Akt3 activity inhibits melanoma tumor development. Size of tumors formed by parental UACC 503 melanoma cells. the
isogenic A (retaining PTEM), and revertant cell line (lacking PTEN) were measured 10 days after injection inte nude mice. Values are means of a minimum of two experiments
consisling of six injection sites in three mice per cetl line; bars, =SEM; statistics, one-way ANOVA [ollowed by Dunnet's multiple comparisons versus UACC 903: », P < 0.05, F,
siRNA-mediated down-regulation of AkL3 reduces the tumorigesnic potential of UACC 903 melanoma cells. siRNA against Akt3, Akt2, and Aktl were nuclcofected into UACC 903
cells. and afer 48 hours, cells were injected into nude mice. Size of tumars was measured 10 days later. Controls are UACC 903 cells nucleofected with buffer only or a scrambled
siRNA, Valucs are means of n mininum of six injection siles in three mice per cell line; bars, = SEM: statistics, one-way ANOVA followed by Dunnct’s multiple comparisons versus
UACC 903: =, P 2 005,

asparagine, whereas the equivalent sites on Aktl and Akt2 are threo-  serine 31 of Akil and Aki2, respectively: alanine 50 and proline 50 of

pincs. Furthermore, threonine 31 and tyrosine 49 of Akt3 were also  Akt] and Akt2, respectively). Thus, differential regulation of putative

found to differ from the other two Akt isoforms (asparagine 31 and  phasphorylation sites within the phosphatidylinositol 3.4,3-trisphos-
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phate lipid binding pleckstrin homology domain may offer a basis for
the specificity of Akt3 activation in melanomas. 1t is also possible that
unsuspected interactions between known oncogenes might be selec-
lively repulating Akt isoform activation in melanomas. For example,
TCLI has been shown to sclectively bind the Akt3 pleckstrin homol-
agy domain and promote hetero-oligomerization of Aktl with Akt3
leading te transphaspherylation of the Akt maolecules in leukemogen-
esis (40). TCIL.L or other uncharacterized factors in melanoma cells
may promote selective AKG3 activation in a similar manner.

Increascd Akt3 activation alse plays a significant role in the pro-
gression (o more advanced aggressive tumors. Examination of Akt3
expression and activity in metastatic melanomas indicated that dereg-
ulated expression or activity occurs in 43 to 60% of advanced-stage
metastatic melanomas, However, it is currently unknown whether the
presence of clevated Akt3 aclivity can predict disease prognosis or the
outcome of therapeutic regimes. Measurement of Akt3 activation in
melanomas offers hope as a novel, more accurate prognostic indicator
of disease oulcome than the histopathologic measurements such as
Breslow depth (i.e.. the distance measured in millimeters from the
granular cell layer to the deepest wmor cell) and ulceration (i.e., loss
of the epidermis overlying the melanoma) that are currently used. A
molecular-based test assessing the activation state of Akt in mela-
nocytic lesions may be more sensitive and less subjective than histo-
logic evaluation. This approach might also be useful for selecting
appropriaic paticnts for clinical trials using drugs that are designed 0
larget activaled Akt3 or other members of this signaling pathway.

This study has shown that use of sIRNA or expression of PTEN ta
selectively Jower Aki3 activity can effectively reduce the mumorigenic
potential of melanoma cells by altering apoptetic sensitivity. Thus, mel-
anoma cclls having high levels of Akt3 activity are better suited for
surviving in the in vive lmor environment and inhibidon of AkG
activity, cither directly or by interfering with its upstream regulators, is
likely to represent an effective anticancer strategy for melancma patients
(4. 41}, Indecd. because the vast majority of chemotherapeutic agents
work by inducing apoplosis, one would predict that inhibition of AkL3
could lower the threshold doses of drugs or radiation required for effec-
tive chemo- or radiotherapy, providing a mechanism to selectively target
melanoma cells (4). Therefore, therapeutically targeting Ake3 activity
alone or in cetmbination with chemotherapeutic agents could be a poten-
tially important therapy for melanoma patients (4).

In summary. we have identified Akt as a specific prosurvival
kinase, the increased activity of which in melanoma tumors correlates
with turnor progression and provides cclls with a selective advantage
in the tumor environment.
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