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ABSTRACT

Expression of the p14ARF tumour suppressor is induced by hyperproliferative signals
produced by RAS, MYC and other oncogenes. p14ARF quenches inappropriate mitogenic
signaling by activating the p53 pathway, and the frequent loss of p14ARF in human can-
cer diminishes the duration and level of the p53 response. Consistent with this role,
p14ARF accumulation can induce potent cell cycle arrest, but its role in promoting apop-
tosis has not been well established. Therefore we investigated the effects of p14ARF on
the survival and growth of several human cell types. To avoid the toxicity associated with
adenoviral-based vectors, we established inducible expression of p14ARF in p53-intact
and p53-deficient human cell lines. As expected, transient and inducible expression of
p14ARF induced rapid cell cycle arrest only in tumour cells expressing intact p53.
Further, p14ARF expression did not promote apoptosis in primary human fibroblasts, or
in any human tumour cell line tested, irrespective of p53 status. Instead, p14ARF expression
sensitized cells to apoptosis in the presence of inhibitors of topoisomerase Il (adriamycin)
and transcription (DRB). Thus, loss of p14ARF would be an important step in the selection
of apoptotic resistant tumour cells.

INTRODUCTION

The INK4a/ARF locus on chromosome 9 is inactivated in a large proportion of human
tumours and inherited mutations involving this locus are associated with melanoma pre-
disposition in 20-40% of multiple case melanoma families.!»> This unusual locus encodes
two products, p16™N¥4 and p14ARE from alternatively spliced transcripts, in different
reading frames. Constitutional and somatic /NK4a/ARF mutations specifically targeting
plGINK4a are common in cancer,>® and less frequent alterations exclusively inactivating
p14ARF have also been found in human tumours and familial melanoma kindreds.”"?
Moreover, approximately 50% of the somatic mutations identified in human cancer affect
the amino acid sequence of both p16™K% and p14ARE® and high-density mapping on
chromosome 9p in human melanomas has identified p/4ARF as the most commonly
deleted INK4a/ARF gene.10 The mechanisms of ARF action are therefore critical to under-
standing the genesis and tumour progression of melanoma, and the precise modifying
effects of ARF on cell growth and survival may have major importance to the chemo- and
radiation resistance that confounds effective treatment of advanced melanoma in humans.

pl14AREF interacts with the p53 ubiquitin ligase, hdm2 to prevent the nuclear export
and degradation of p53.!"1% ARF is induced by hyperproliferative signals produced by
Ras, c-MYC, E2F-1 and other oncogenes.!>!® Consequently, the loss of ARF limits the
response of the p53 network to hyperproliferative signals, and reduces the duration of p53
activity in response to DNA damaging stimuli.!%2°

Although some reports suggest that pl4ARF function requires p53,2! there is evidence
indicating that ARF also possesses p53-independent functions. The murine ARF
homologue, p19ARE, can suppress colony formation of p53-null cells by affecting the pRb
pathway,?? and mice lacking p53 and p19ARF develop a wider spectrum of tumours than
animals lacking either tumour suppressor alone.?? Furthermore, inactivation of pl9ARF
and p53 was not mutually exclusive in immortalized mouse embryonic fibroblasts
(MEFs).?? Similarly, various human tumours exhibit simultaneous loss of p53 and
ARFE?2425 and p14ARF has been reported to limit S-phase progression and colony formation
in p53-null human cancer cells.?28 p19ARF can also inhibit the processing of ribosomal
RNA,?? and the murine and/or human ARF protein interact with other regulators includ-
ing the E2F transcription factors, 3031 spinophilin, topoisomerase I, cyclin G, MdmX,
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HIF-10, pex19p, CARE p120F4F, B23, tat-binding
protein and Werner’s helicase.324! Apart from hdm2 and
E2F-1, however, none of the other ARF-interacting
proteins have been shown to directly mediate the effects
of ARF on cell cycle progression.?242

ARF expression quenches inappropriate mitogenic
signalling by forcing cells to undergo growth arrest or
apoptosis, depending on the cellular context. Enforced
ARF expression in MEFs induces cell cycle arrest,*3
whereas cells overexpressing p19ARE together with E1A,
Myc or RAS oncogenes undergo apoptosis.!®-4445
Activation of ARF alone can also trigger apoptosis; the
ectopic expression of ARF from adenoviral vectors
induced apoptosis in p53-null MEFs, p53-intact human
U208 cells, and p53-deficient human Saos-2 cells.% The
C-terminal region of the murine ARF protein (amino
acids 130-169) is important for pl9ARF-mediated
apoptosis, but this region is not conserved in human
p14ARE# Thus, p14ARF may not be as potent an apop-
totic regulator as its murine counterpart. This may
explain the lack of extensive apoptosis in human diploid
fibroblasts overexpressing Myc, despite obvious upregula-
tion of pl4ARF and p53.4% Some reports have shown
that adenoviral expression of pl4ARF did not promote
apoptosis in p53-null human cells,?!"26:46:4% but induced
cell death in p53-intact cells.?®4759-52 In contrast, in
another study pl4ARF induced apoptosis independent
of p53.5?

In order to clarify the apoptotic function of the
human pl14ARF tumour suppressor we established
inducible expression of pl4ARF in p53-intact and
p53-deficient human cell lines. Using these cell models
the impact of long-term pl14ARF induction on cell
proliferation and cell death was thoroughly examined. In
addition we investigated the role of transient pl14ARF
expression in normal human fibroblasts and human
tumour cells. Our data show that expression of p14ARF
alone, promoted rapid and potent cell cycle arrest in a
p53-dependent manner, but did not induce cell apoptosis.
We also show that p14ARF expression sensitized cells to
the pro-apoptotic effects of adriamycin and DRB
(5,6-dichlorobenzimidazole ribosode).

MATERIALS AND METHODS

Cell culture. Human U2OS osteosarcoma cells (ARF-null,
p53 wild type), Saos-2 osteosarcoma cells (ARF wild type,
p53-null), HCT116 colorectal cancer cells (ARF-mutant, p53

Figure 2. p14ARF induces rapid G, cell cycle arrest but no
apoptosis. (A) The cell cycle distribution of U20S_ARF cells was
examined three, six and nine days post IPTG induction, using
propidium iodide staining. Each result is obtained from at least
two independent experiments. (B) Dual colour flow cytometric
Annexin V analysis for apoptosis of U20S_ARF cells treated with
1 mM IPTG (+) or PBS (), for three, six or nine days. Cells that
are Annexin V-positive and Pl-negative are in early apoptosis and
cells positive for both Annexin V and Pl dye are in the late stages
of apoptosis. Each results is obtained from at least two inde-
pendent experiments. Pl, propidium iodide.
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Figure 1. Induced p14ARF expression activates p53. (A) Expression of p14ARF, p53,
p21Wefl and tubulin was determined three, six or nine days after treatment of U20S_ARF
cells with TmM IPTG (+) or PBS (. (B) The nucleolar accumulation of p14ARF in IPTG
treated U20S_ARF cells was detected by immunofluorescence. Hoechst staining was
used to visualize cell nuclei. LM, light microscopy.
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Figure 3. IPTG does not alter cell cycle distribution. The influence of T mM
IPTG on the cell cycle distribution of the U20S lac repressor parental cell line
was defermined by flow cytometric analysis of propidium iodide stained
nuclei, 72 h post treatment.
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Figure 4. Analysis of apoptosis in the U20S_ARF cells. The apoptotic
response of the U20S_ARF cell line was examined three days after exposure
to 10J/m2 UVC irradiation. The cell cycle distribution of propidium iodide
stained nuclei was examined by flow cytometry (A), and apoptosis was
measured using annexin V staining (B). PI, propidium iodide.

wild-type), WMM1175 melanoma cells (ARF-null, p53-null®¥) and WS1
primary human skin fibroblasts (ATCC) were grown in Dulbecco’s modified
Eagle’s medium (Trace Scientific, Sydney) supplemented with 10% fetal
bovine serum and glutamine. All cells were cultured in a 37°C incubator
with 5% CO,.

The IPTG (isopropyl B-D-thiogalactopyranoside)-inducible mammalian
expression system (Lac-switch system; Stratagene) was used to obtain
U20S_ARF and WMM1175_AREF cell clones carrying the stably integrated
p14ARF gene under IPTG-inducible expression control. Full-length
p14ARF cDNA was cloned into the POPRSVICAT expression plasmid, and
transfected using Lipofectamine 2000 (Invitrogen), into a WMMI1175 and
U20S clone expressing the lac repressor. Transfected cells were selected with
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hygromycin (200 pg/ml; Invitrogen) and geneticin (500 pg/ml; Invitrogen).
Stable cell clones were seeded 24 hours prior to induction, and were induced
with 1-5 mM IPTG, which was refreshed with a further 1-5 mM IPTG
every three days.

In cytotoxicity assays, cells were exposed to media containing 1 uM
adriamycin in the presence of absence of ImM IPTG for 6 h. Adriamycin
containing media was removed, cells rinsed with fresh media, and then
incubated with media containing either PBS or 1mM IPTG for 72 h. Cells
were exposed to 25 WM DRB in the presence or absence of IPTG for 72 h.
U20S_AREF cells were also treated with the topisomerase I inhibitor, camp-
tothecin (10 UM), in the presence of absence of 1 mM IPTG for 6 h. The
media was then removed, and after washing the cells were incubated for a
further 72 h in media containing either PBS or ImM IPTG. Alternatively,
cells were exposed to 1 WM camptothecin in the presence or absence of IPTG
for 72 h. For UV-treatment, cells were irradiated at 254nm using a Stratalinker
2400 (Stratagene).

Transient cell transfections. For cell cycle distribution analysis of
transiently transfected cells, cultured cells (1 x 10°) were seeded in T75 flasks
and cotransfected with the pI4ARF-FLAG5b6 or pCMV-FLAG56 plasmid
(6 ng) and pCMVEGFP-spectrin (2 Wg) using Lipofectamine 2000
(Invitrogen).

Cell cycle and apoptosis analysis. Adherent and floating cells were
combined and sub-divided into samples for cell cycle, cell death and protein
expression analysis. For cell cycle analysis, cells were fixed in 70% ethanol at
4°C for at least 1 h, washed in PBS and stained with propidium iodide
(50 ng/ul) containing ribonuclease A (50 ng/pl). In transient transfection
assays, EGFP-spectrin was used as a marker for analysis of transfected cells.
DNA content from at least 2000 cells was analyzed using ModFIT software.
Numbers of cells with sub-G, content were determined using CellQuest
software. Annexin-V staining was performed as detailed by the manufacture
(Sigma).

Western blotting. Proteins were extracted for 1 h at 4°C using RIPA lysis
buffer containing protease inhibitors (Roche). The protein concentration
was determined with the Dc Protein Assay Kit (Bio-Rad). Proteins (30-50 pig)
were resolved on 12% SDS-polyacrylamide gels and transferred to
Immobilon-P membranes (Millipore). Western blots were probed with
antibodies against p53 (DO0-1, Santa Cruz), [JZIWaﬂ (C-19, Santa Cruz),
pl14ARF (DCS-240, Sigma) and tubulin (Molecular Probes).

Indirect immunofluorescence. Cultured cells (1 x 10°) seeded on cover-
slips in six-well plates were washed in PBS and fixed in 3.7% formaldehyde.
Cells were immunostained for 50 min with monoclonal mouse anti-p14ARF
antibody (Sigma) followed by a 50 min exposure to Texas red-conjugated
anti-mouse secondary IgG (Molecular Probes). Nuclei were visualized by
Hoechst 33258 staining (2 pg/ml).

RESULTS

Inducible p14ARF promotes p53-dependent cell cycle arrest, but not
apoptosis. To investigate the cell cycle regulatory role of p14ARF we estab-
lished stable p14ARF-inducible clones in the p53-intact U20S cell line
using the IPTG-inducible expression system. Expression of pl4ARF was
induced with 1mM IPTG over a nine day period. As shown in Figure 1A,
strong expression of pl14ARF was detected in U20S_ARF cell clones, three
days post induction, and ARF expression was maintained up to nine days of
continuous IPTG exposure. As expected, accumulation of p14ARF led to
the stabilisation of p53 in the U20S_ARF cells over the nine day treatment,
and induction of the p53-target p21¥4fl, confirmed that p14ARF induced
the activation of p53 in these cells (Fig. 1A).

Immunostaining of the U20S_ARF cells after three, six and nine days of
IPTG induction showed detectable nucleolar p14ARF in approximately
80% of cells (Fig. 1B). Using Hoechst 33258 staining we observed very few
cells (less than 5%) showing the characteristic nuclear fragmentation associ-
ated with apoptotic cells, even after nine days of pl4ARF induction.

Considering that apoptotic cells often detach from tissue culture flasks,
we analysed the cell cycle distribution of adhered and floating cells using
flow cytometry. As expected, induction of pl14ARF in the p53-positive
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U208 cells promoted potent G, cell cycle arrest and S-phase inhi-
bition that was maintained throughout the nine day IPTG treat-
ment (Fig. 2A). pl14ARF-mediated arrest was less evident nine
days after IPTG exposure, because the uninduced control
U20S_ARF cells had reached confluency. Although pl14ARF-
induction promoted growth arrest in U20S_AREF cells, there was
no increase in apoptosis, as measured by the sub-G, population
(Fig. 2A). Only the control uninduced U20S cells showed a
significant increase in sub-G; cell population at nine days post
induction, again a result of reaching confluency (Fig. 2A). Similar
data was obtained with Annexin-V staining; there was no signifi-
cant difference in the percentage of apoptotic cells between
induced and uninduced U20S_AREF cells over the nine day IPTG
treatment period (Fig. 2B).

To ensure that IPTG was not affecting cell growth, we treated
the parental U20S cell line (expresses the lac repressor but not
pl14ARF) with 1 mM IPTG for three days. As expected, IPTG
treatment did not affect cell cycle distribution, or the level of cell
death in this cell line (Fig. 3). We also confirmed the suitability
of U20S_AREF cells for apoptotic studies by irradiating these cells
with low levels (10 J/m?) of UVC. Flow cytometric analysis of the
U20S_AREF cells, 72 hours post irradiation, confirmed that UV
induced significant apoptosis. Specifically, the sub-G, population
increased from 6% to 51% (Fig. 4A) and the proportion of
Annexin-V positive, apoptotic cells increased from 9% to 34%
(Fig. 4B).

p14AREF requires intact p53 to inhibit cell cycle progression.
Considering that p14ARF has been shown to induce apoptosis in
a p53-independent manner, we investigated the impact of
p14ARF expression on the growth of the p53-null melanoma cell
line WMM1175. The p14ARF-inducible WMM1175_ARF cells
were treated with 5 mM IPTG, and expression of pI14ARF con-
firmed by Western blotting (Fig. 5A). As expected, in the absence
of p53, pl4ARF did not induce the expression of the CDK
inhibitor, p21%4fl, Nucleolar localisation of p14ARF in the
WMM1175_AREF cells was also detected by immunostaining in
approximately 50% of cells (data not shown). Although p14ARF
was induced in this cell line, we observed no changes in the cell
cycle distribution profile by flow cytometry (Fig. 5B), and there
was no evidence of pl4ARF-induced apoptosis, as determined by
flow cytometry and Annexin-V staining, even nine days post
treatment (Fig. 5C).

Transient p14ARF expression does not promote apoptosis.
To exclude the possibility that genetic damage in our selected cell
clones alters important apoptotic signalling pathways, we tran-
siently introduced pl14ARF into various human cells. We trans-
fected Saos-2 osteosarcoma and HCT116 colorectal cancer cells,
both of which have been shown to undergo apoptosis in the
presence of recombinant adenovirus expressing pl4ARE>? In
addition we transiently introduced p14ARF into the WS1 human
primary skin fibroblasts. These cells were transfected with p14ARF
and harvested 48 hours later. Western blot analysis confirmed
pl4ARF expression in all transfected cells (Fig. 6A). In the
p53-null Saos-2, no p53 was detected and levels of p21 ¥4 did
not change. Transient expression of p14ARF in Saos-2 cells caused
a small increase in the G, phase (less than 10%), but there was no
significant change in apoptosis (Fig. 6B). The transient expression
of pI4ARF in the p53-intact HCT116 cells caused an increase in
the level of p53 and p21¥4fl, with the expected G,-phase arrest,
but no pl4ARF-induced apoptosis (Fig. 6). Finally, ectopic
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Figure 5. Induced expression of p14ARF does not promote cell cycle arrest or apoptosis
in the p53-null WMM1175 melanoma cells. (A) Expression of p14ARF, p53, p21Wafl
and tubulin was determined three, six or nine days after treatment of WMM1175_ARF
cells with 5mM IPTG (+) or PBS (. (B) The cell cycle distribution of WMM1175_ARF
cells was examined three, six and nine days post IPTG induction, using propidium
iodide staining. Each result is obtained from at least two independent experiments. (C)
Dual colour flow cytometric Annexin V analysis for apoptosis of WMM1175_ARF cells
treated with 5mM IPTG (+) or PBS (), for three, six or nine days. Each results is obtained
from at least two independent experiments. Pl, propidium iodide.

expression of pI4ARF had no impact on the cell cycle distribution of the  To test this hypothesis, induced and uninduced U20S_p14ARF cells were
slow growing primary human fibroblasts (94% of cells are already in G,  treated with clinically important inhibitors of topoisomerase I and topoiso-

phase), and p14ARF expression did not induce cell death (Fig. 6B).

merase II, camptothecin and adriamycin, respectively. In addition,

p14AREF sensitizes human cells to apoptosis. Considering that pl4ARF ~ U20S_p14ARF cells were also exposed to the casein kinase II and RNA
accumulation potently activated the p53 pathway in the U20S_ARF cells, ~ synthesis inhibitor DRB. Short term (6 h) exposure of uninduced
we investigated whether pI4ARF conferred increased sensitivity to apoptosis. ~ U20S_p14ARF cells to 1 {M adriamycin increased the endogenous levels of
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Table 1 Effect of p14ARF expression on the drug sensitivity of cells

Drug p14ARF Cells % apoptosis Ref.
25 uM DRB® - U20S_ARF 10+ 1 this work
+ 29+ 2
50 uM DRB® - U20S_ARF 28 +2 this work
+ 49 + 3
1 uM - U20S_ARF 25+ 1 this work
adriamycinb + 37 +3
1 uM CPTP - U20S_ARF 44 + 5 this work
+ 50+ 1
10 uM CPTe - U20S_ARF 23 + 4 this work
+ 26 £ 4
5 uM cisplatin© - MCF7 ~30 50
+ ~80
10 U/ml IFNpd - U20S_ARF ~20 56
+ ~40

9U20S_ARF cells were treated with the indicated drug in the presence (+) of absence (-) of 1 mM IPTG for 3 days, and
scored for apoptosis using FACS analysis. "U20S_ARF cells were treated with the indicated drug in the presence of absence
of 1 mM IPTG for 6 h. The media was then removed and cells incubated for a further 72 h in media containing either PBS
(-) or T mM IPTG (+) and scored for apoptosis using FACS analysis. ‘MCF7 cells were treated with cisplatin for 4 h and
infected with adenovirus containing p14ARF (+) or control adenovirus (-) at 50 pfu/cell for 5 days. The proportion of
apoptotic cells was retrieved from data showing relative survival.5® 4U20S cells stably expressing IPTG-inducible p14ARF
were treated with IFN(3 in the presence (+) of absence (-) of 1 mM IPTG for 3 days, and scored for apoptosis using Hoechst
staining. Data recorded in this table was retrieved from Sandoval et al. 36
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Figure 6. Transient p14ARF expression induces p53-dependent
cell cycle arrest but no apoptosis in p53-intact or p53-deficient
cells. Saos-2, HCT116 and WS1 fibroblast cells were transfected
with the pl4ARF-FLAG plasmid or pCMV-FLAG vector and
pCMVEGFP-spectrin. (A) The expression of p14ARF-FLAG, p53,
p21Weafl and tubulin was determined by Western blotting, 48 h
post transfection. (B) The cell cycle distribution of green fluorescent
cells was determined, 48 h post transfection, using propidium
iodide staining. Each result is derived from at least two indepen-
dent transfection experiments.

p53 and p21™4fl, but did not induce p14ARF expression (Fig. 7A).
In the presence of IPTG, treatment with adriamycin consistently
led to the accumulation of higher levels of pl14ARF, with no
further increases in the level of p53, compared with the adri-
amycin only or IPTG only treated cells. Nevertheless, the
combination of pl4ARF (IPTG treatment) and adriamycin
treatment induced significantly higher levels of apoptosis than
adriamycin treatment alone in U20S_ARF cells. In particular,
the sub-G, population increased from 25% to 37% (Fig. 7B)
and the proportion of Annexin-V positive, apoptotic cells
increased from 22% to 30% (Fig. 7C). p14ARF induction also
sensitized U20S_ARF cells to apoptosis in response to treatment
with 25 UM or 50 uM DRB but not to short- (6 h) or long-term
(72 h) treatment with camptothecin (Table 1).

DISCUSSION

Defining the tumour suppressor functions of human
pl4ARF has been complicated not only because this
protein shares its genomic sequence with the p167VK#
melanoma-predisposition gene, but also because much of
the work on ARF has been performed on murine homo-
logue. Murine and human ARF share only 49% amino
acid homology, are differentially regulated (only p19ARF
is induced by replicative senescence®), and interact
different partners (only pl19ARF binds pex19p®’),
Furthermore, the C-terminal region of the murine ARF
protein is important for pl9ARF-mediated apoptosis, but
this region is not conserved in human p14ARE4” One of
the critical functional differences between the mouse and
human ARF proteins may be their role in promoting
apoptosis; whereas p19ARF alone can promote cell death,
the impact of p14ARF on apoptosis was not clearly
defined. In this report, we have established that expression
of p14AREF alone induces potent p53-dependent cell cycle
arrest, but does not promote cell death in p53-null or
p53-intact cells.

Although our data is supported by several reports
others have detected significant p14ARF-induced apopto-
sis. In these studies adenoviral-mediated p14ARF expres-
sion induced dose-dependent cell death. In particular, the
strong overexpression of pl4ARF was capable of inducing
apoptosis, whereas lower but easily detectable expression
levels of p14ARF did not induce significant death.5%52:53
It also appears that long periods of ectopic ARF expression
are necessary to induce apoptosis. In two reports, both
using ectopic adenoviral-mediated p14ARF expression in
HCT116 cells, apoptosis was detected at 72 h,>® but not
24 h post infection (even though p14ARF induced cell
cycle arrest at this earlier time point).?! Perhaps the most
revealing evidence regarding the apoptotic function of

21,26,27
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Figure 7. p14ARF sensitizes U20S cells to apoptosis. U20S_ARF cells were
incubated with media containing either 1uM adriamycin and/or TmM IPTG
for 6 h. The adriamycin-containing media was then removed and cells
incubated for a further 72 h in media containing either PBS (] or TmM IPTG
(+), as indicated. (A) The expression of p14ARF, p53, p21Wefl and tubulin
was defermined by Western blotting. (B) The cell cycle distribution of propidi-
um iodide stained nuclei was examined by flow cytometry. (C) Apoptosis
was measured using annexin V staining. Pl, propidium iodide.

pl4ARF comes from studies indicating that additional cellular
stresses, such as cisplatin-induced DNA damage or exposure to
interferons in combination with ARF induction promoted apopto-
sis.”%%¢ We have also confirmed that although p14ARF alone did
not promote apoptosis in the p53-intact U20S cells, it did sensitize
these cells to apoptosis following treatment with adriamycin and
DRB, but not camptothecin. Similarly, whereas the expression of
p14ARF in human breast cancer cells rendered them more suscepti-
ble to killing by cisplatin, a similar cooperative effect was not
observed with the chemotherapeutic agent, Taxol.>® The differential
apoptotic response of p14ARF expressing cells following exposure to
drugs requires further investigation, but anecdotal evidence suggests
that it may involve p53. Specifically, both adriamycin and DRB can
stimulate the p53 pathway; adriamycin promotes the nuclear accu-
mulation and phosphorylation of p53°7-38 and DRB induces p53 by
downregulation of mdm2.5 In contrast, camptothecin- and
Taxol-induced apoptosis can be p53-independent,®®°! and in the
p53-null 1175_ARF cells, pI14ARF expression did not sensitize to
apoptosis following exposure to adriamycin (data not shown).
Regardless of the precise mechanism, it is clear that certain types of
cellular stress in combination with p14ARF accumulation promote
apoptosis. This may help explain previous reports showing that
adenoviral-mediated p14ARF expression induces apoptosis.’®>%:>3
Adenoviral gene delivery methods independently induce cellular
stress®? that may synergize with ectopic pl14ARF expression to
induce apoptosis. The stable cell models we have used in this study
require very low levels of the nontoxic IPTG to induce accumulation
of p14ARE and thus provide a more physiological model to analyse
p14ARF functions.

These data indicate that the primary response of cells to p14ARF
accumulation is a potent and rapid p53-dependent cell cycle arrest.
This is consistent with the senescent-like growth arrest induced in
primary human cells by oncogenic stimuli that induce pl14ARF,
including RAS and E2F-1.93 Activation of p14ARF alone does not
promote apoptosis, but sensitizes cells to the pro-apoptotic effects of
additional cellular stresses, including DNA damage. This may
explain the importance of pl4ARF in the development of
melanoma. The majority of melanomas express a constitutively
activated MAPK signalling pathway (principally via mutated
BRAF), and although oncogenic BRAF is not sufficient to promote
tumourigenesis,64 it may sensitize melanocytes to apoptotic signals
via the induction of pI4ARF® and p16™K42,66 The additional loss
of p14ARF and p16™K42 in these tumors would remove this safe-
guard, and lead to MAPK proliferative signalling. Consistent with
this model, recent analyses of primary and metastatic melanomas
found that the most represented tumour genotype (17 of 41) was
activated BRAF in combination with p16™N¥4 and p14ARF loss.%”
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