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Abstract
Malignant melanomas often harbor activating mutations in BRAF (V600E) or, less frequently, in
NRAS (Q61R). Intriguingly, the same mutations have been detected at higher incidences in benign
nevi, which are largely composed of senescent melanocytes. Overexpression of BRAFV600E or
NRASQ61R in human melanocytes in vitro has been shown to induce senescence, although via
different mechanisms. How oncogene-induced senescence is overcome during melanoma
progression remains unclear. Here, we report that in the majority of analysed BRAFV600E- or
NRASQ61R-expressing melanoma cells, C-MYC depletion induced different yet overlapping sets
of senescence phenotypes that are characteristic of normal melanocytes undergoing senescence
due to overexpression of BRAFV600E or NRASQ61R, respectively. These senescence phenotypes
were p16INK4A- or p53-independent, however, several of them were suppressed by genetic or
pharmacological inhibition of BRAFV600E or phosphoino-sitide 3-kinase pathways, including
rapamycin-mediated inhibition of mTOR-raptor in NRASQ61R-expressing melanoma cells.
Reciprocally, overexpression of C-MYC in normal melanocytes suppressed BRAFV600E-induced
senescence more efficiently than NRASQ61R-induced senescence, which agrees with the generally
higher rates of activating mutations in BRAF than NRAS gene in human cutaneous melanomas.
Our data suggest that one of the major functions of C-MYC overexpression in melanoma
progression is to continuous suppress BRAFV600E- or NRASQ61R-dependent senescence
programs.
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Introduction
In normal cells, senescence induced by the aberrant activation of oncogenes represents an
important mechanism for suppressing tumor development (Bringold and Serrano, 2000;
Mooi and Peeper, 2006). It has been well documented that oncogene-induced senescence
(OIS) in normal rodent cells in vitro is executed via p19ARF-, p53- or p16INK4A-pRb
pathways (Collado and Serrano, 2006), members of which are often deleted or inactivated in
the course of tumor progression (Gil and Peters, 2006; Kastan, 2007). Accordingly, several
studies performed in transgenic mice have confirmed an active role of the above pathways in
the implementation of senescence in murine tumors (Ventura et al., 2007; Wu et al., 2007;
Xue et al., 2007). However, the molecular mechanisms underlying senescence in human
tumor cells are less well understood.

Malignant melanoma is one of the most aggressive types of human cancers (Gray-Schopfer
et al., 2007). Most frequently arising in the skin, melanomas can evolve from benign or pre-
malignant aggregations of melanocytes, termed nevi (Chin et al., 2006). Neoplastic
transformation of melanocytes often involves oncoproteins that upregulate the mitogen-
activated kinase pathway (Chin et al., 2006). In particular, activating mutations of BRAF
(V600E) or NRAS (Q61R) are found in approximately 60% and 20% of melanomas from
non-chronically sun-damaged skin, respectively (Maldonado et al., 2003; Curtin et al.,
2005), although BRAFV600E mutations in melanomas from chronically sun-damaged skin or
from skin relatively unexposed to sun are less common (Maldonado et al., 2003).
Intriguingly, BRAFV600E mutations are detected at even higher frequencies in benign
acquired nevi (82%) (Pollock et al., 2003), whereas 81% of benign congenital nevi harbor
mutations in the NRAS gene (Bauer et al., 2007).

Recently, it was shown that melanocytes inside nevi, but not in normal skin, displayed high
levels of senescence-associated β-galactosidase activity (SA-β-Gal) (Michaloglou et al.,
2005). Moreover, ectopic expression of NRASQ61R or BRAFV600E in cultured normal
human melanocytes is associated with distinct forms of premature cellular senescence
(Michaloglou et al., 2005). Taken together, these data suggest that the senescence-inducing
activities of NRASQ61R or BRAFV600E are silenced or reversed in the course of melanoma
progression, although molecular mechanisms underlying these events remain unclear.

C-MYC is an oncogenic transcription factor that is frequently upregulated in human
malignancies (Nesbit et al., 1999), including melanoma (Ross and Wilson, 1998; Greulich et
al., 2000; Kraehn et al., 2001), although its role in melanomagenesis has not been addressed.
In normal human cells, overexpression of C-MYC promotes the acquisition of a transformed
phenotype in cooperation with other cellular oncogenes (Boehm et al., 2005). In mice, C-
MYC upregulation has been shown to induce tumorigenesis in numerous transgenic models
(Lutz et al., 2002). Consequently, C-MYC inactivation in the majority of the above mouse
models led to tumor regression via several mechanisms, including apoptosis, differentiation
or rapid induction of senescence (Arvanitis and Felsher, 2006; Wu et al., 2007). The latter
phenotype was shown to be p16- or p53-dependent and mitogen-activated ERK kinase
(MEK)-independent (Wu et al., 2007). Accordingly, approximately 50% depletion of C-
MYC in normal human fibroblasts overexpressing the telomerase reverse-transcriptase
catalytic subunit caused premature senescence, which was also p16-dependent (Guney et al.,
2006).

Acute and significant inhibition of C-MYC expression in virtually all human tumor cells
tested caused apoptosis or marked proliferation arrest (Vita and Henriksson, 2006; Wang et
al., 2008), but has never been associated with the rapid induction of senescence phenotypes.
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Here, we demonstrate that BRAFV600E- or NRASQ61-dependent senescence programs exist
in dormancy in advanced melanoma cells and could be re-activated by the depletion of C-
MYC. Interestingly, unlike tumor mouse or normal human cells (Guney et al., 2006; Wu et
al., 2007), senescence induced in human melanoma cells was p16- or p53-independent.
Accordingly, we demonstrated that senescence induced in normal human melanocytes by
BRAFV600E or NRASQ61 also did not depend on p16 or p53 but could be partially overcome
by C-MYC overexpression. As senescence induced by BRAFV600E or NRASQ61 is a
naturally occurring process in almost all benign nevi, and because a large portion of
malignant melanomas originate from nevi, our data suggest that C-MYC upregulation is an
important aspect of melanoma evolution, and is therefore necessary for continuous
suppression of OIS.

Results
C-MYC is overexpressed in melanoma metastases and in tumor-derived melanoma cells
lines

As an initial step in the characterization of C-MYC expression in melanocytic cells, we
compared C-MYC levels in benign nevi, metastatic melanoma tissues, metastatic melanoma
cell lines and cultured neonatal melanocytes. To this end, lysates from 2 benign congenital
nevi and 10 melanoma metastases were subjected to immunoprecipitation with mouse C-
MYC-specific antibodies, followed by western blotting with rabbit C-MYC-specific
antibodies (to avoid crossreactivity) (Figure 1a).

In parallel, C-MYC levels were determined by western blotting in total cellular extracts
from 2 independently isolated populations of neonatal human melanocytes and from 10
metastasis-derived human melanoma cell lines (Figure 1b). As shown in Figure 1, C-MYC
protein levels were approximately three- to sevenfold higher in metastatic melanomas as
compared with benign nevi. A similar increase in C-MYC levels (3- to 20-fold) was detected
in samples from melanoma cell lines, when compared with normal melanocytes. These data
demonstrate that C-MYC overexpression observed in cultured melanoma cells reflects
upregulation of C-MYC in the course of melanoma progression and suggest that metastatic
melanoma cell lines could be an adequate model for studying the functional role of C-MYC
in advanced melanomas.

C-MYC depletion in melanoma cells results in the induction of BRAFV600E- or NRASQ61R-
dependent senescence phenotypes

Recently, we demonstrated that acute and efficient short hairpin RNA (shRNA)-mediated
inhibition of C-MYC in cells from a large number of human tumor lines resulted in
proliferation arrest and/or apoptosis (Wang et al., 2008). Here, we confirmed these
observations for 10 melanoma cell lines using 2 C-MYC-specific shRNAs: C-MYC-
shRNA-1 (M1) and C-MYC-shRNA-2 (M2). As was described previously (Wang et al.,
2008), significant inhibition of C-MYC was obtained with each shRNA, although M1
suppressed C-MYC more efficiently than M2 (Supplementary Figure S1a). We performed
expression analysis of several bona fide targets of MYC in response to its depletion in an
arbitrarily chosen melanoma cell line (SK-Mel-94). As shown in Supplementary Figure S1b,
expression of genes encoding cyclin B1, ornithine decarboxylase and CDC25A (positively
regulated by MYC) was decreased by 2.5- to 4-fold, expression of the gene encoding
p27KIP1 (suppressed by MYC) was increased by ≥2-fold, whereas expression of CDK4
(positively regulated by MYC) remained virtually constant. Therefore, C-MYC depletion
was accompanied by expression changes of several MYC-target genes.
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Depletion of C-MYC in cells from 8 out of 10 melanoma lines caused substantial reduction
in proliferation rates, which eventually culminated in a complete growth arrest between days
4 and 6 (Wang et al., 2008 and Supplementary Figure S1c), whereas C-MYC-depleted cells
from lines UACC62 and UACC258 underwent apoptotic death shortly after infection (Wang
et al., 2008; data not shown).

We were interested in whether growth arrested C-MYC-depleted cells exhibit features of
cellular senescence. To this end, melanoma cells infected with control or C-MYC-shRNAs
were tested for the presence of well-established senescence markers: increased SA-β-Gal
activity (Itahana et al., 2007) and formation of senescence-associated heterochromatin foci,
which could be visualized by staining with DAPI and antibodies to trimethylated lysine 9 of
histone H3 (H3K93Me) (Narita et al., 2003). As shown in Figure 2b, depletion of C-MYC
resulted in an approximately 7- to 10-fold increase in the percentage of SA-β-Gal-positive
cells in the melanoma lines studied. Moreover, in two arbitrarily chosen BRAFV600E- or
NRASQ61R-expressing melanoma lines, C-MYC inhibition induced an approximately three-
to fivefold increase in the proportion of senescence-associated heterochromatin foci-
containing cells (Supplementary Figure S2).

As was previously shown, transduction of activated HRAS or NRAS in normal melanocytes
induces senescence that is mechanistically distinct from the one caused by BRAFV600E

(Denoyelle et al., 2006). In particular, H-RASV12G- or NRASQ61R-expressing melanocytes
became SA-β-Gal-positive, and flat and extensively vacuolized within 4–6 days after
transduction, whereas, melanocytes overexpressing BRAFV600E became SA-β-Gal-positive
and developed a more rounded shape without extensive vacuolization only starting 12–15
days after infection (Figure 2a). On the basis of these morphological differences, we noticed
that C-MYC-depleted cells from melanoma lines could be segregated into two groups. Cells
from the lines of the first group (SK-Mel-19, SK-Mel28, SK-Mel-29, SK-Mel-94, G-361),
which express BRAFV600E (Verhaegen et al., 2006), recapitulated the senescence patterns of
normal melanocytes overexpressing BRAFV600E (Figure 2a). In contrast, cells from the
second group (SK-Mel-103, SK-Mel-147, SK-Mel-2) with NRASQ61R mutation (Verhaegen
et al., 2006) resembled normal melanocytes undergoing senescence in response to the
overexpression of NRASQ61R (Figure 2a). Therefore, our data suggest that C-MYC
depletion in melanoma cells induces a cellular senescence program that is dictated by the
activated oncoprotein (BRAFV600E or NRASQ61R) expressed in these cells.

To determine whether senescence caused by C-MYC depletion in melanoma cells depends
on constitutively active BRAFV600E or NRASQ61R, we studied the consequences of
inhibiting BRAFV600E- and NRASQ61R-signaling pathways in the above cells. To this end,
control and C-MYC-depleted SK-Mel-94 (expressing BRAFV600E) and SK-Mel-103
(expressing NRASQ61R) cells were incubated with U0216, an inhibitor of the RAF
downstream effector MEK (Gollob et al., 2006), or with LY294002 (an inhibitor of
phosphoinositide 3-kinase (PI3K), a downstream target of RAS (Meier et al., 2005)).
Inhibitors were added for 48 h starting at day 4 post-infection with C-MYC- or control
shRNAs, that is, prior to the emergence of senescence phenotypes in C-MYC-depleted cells.
Minimal effective concentrations of the inhibitors in studied melanoma cells have been
established previously (Denoyelle et al., 2006; Verhaegen et al., 2006) and were confirmed
here by monitoring the inhibition of extracellular signal-regulated kinase (ERK)-1/2 or
AKT-1 phosphorylation (Supplementary Figure S3a).

A 48 h treatment with U0216, but not with LY294002, led to an approximately threefold
decrease in the number of SA-β-Gal-positive cells in the population of C-MYC-depleted
SK-Mel-94 cells. Proliferation rates of control SK-Mel-94 cells were decreased by
approximately 50% (Figure 3b), whereas proliferation of the C-MYC-depleted counterparts
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was unaffected, most likely because it had already been severely compromised by the
absence of C-MYC. Similar results were obtained with another BRAFV600E-containing
melanoma line, SK-Mel-19 (data not shown).

On the other hand, treatment of C-MYC-depleted SK-Mel-103 cells with U0216, while
inhibiting ERK phosphorylation (Supplementary Figure S3a), did not affect the number of
SA-β-Gal-positive and vacuolized cells (Figure 3a). In contrast, these phenotypes were
affected by treating the cells with LY294002, as the proportion of SA-β-Gal-positive and
vacuolized cells decreased more than fourfold. Despite an obvious reversal of some
senescence phenotypes by LY294002, the proliferation rates of C-MYC-depleted SK-
Mel-103 cells were not restored (Figure 3b), again probably owing to the absence of C-
MYC expression. Similar results were obtained with another NRASQ61R-containing
melanoma cell line, SK-Mel-147 (data not shown). To further confirm the involvement of
activated PI3K pathway in senescence of melanoma cells, we inhibited one of the PI3K
downstream effectors, mTOR-raptor (Yang and Guan, 2007), in SK-Mel-103 control and
MYC-depleted cells by treating them with 25 nM rapamycin (Yang and Guan, 2007) for 48
h starting at day 4 post-infection. As shown in Supplementary Figure S3d, treatment with
rapamycin resulted in a roughly threefold decrease in the numbers of SA-β-Gal-positive and
vacuolized cells.

To confirm the above data obtained via pharmacological inhibition of MEK and PI3K, we
set up experiments to genetically inhibit activated BRAF or PI3K pathways in the melanoma
cells studied. To this end, SK-Mel-94 (BRAFV600E-positive) cells were transfected with
control or previously validated small interfering RNA (siRNA) against mutant (BRAFV600E)
allele (Sharma et al., 2005), followed by infection with control- or MYC-specific (M1)
shRNAs. In agreement with previously published data (Sharma et al., 2005), treatment of
SK-Mel-94 cells with BRAFV600E siRNA resulted in inhibition of MEK activity, manifested
in a 2.5-fold decrease in the amounts of phosphorylated ERK (Supplementary Figure S3b).
Subsequently, depletion of C-MYC in BRAFV600E-siRNA-transfected cells resulted in a
roughly 50% decrease in the number of senescent cells, when compared with MYC-depleted
cells transfected with control siRNA (Supplementary Figure S3b).

To genetically inhibit PI3K activity in SK-Mel-103 (NRASQ61R-positive) cells, cDNA for a
well-known inhibitor of PI3K, PTEN, was overexpressed in these cells (Haluska et al.,
2007). Overexpression of PTEN resulted in 71% reduction of PI3K activity, as was
evidenced by the corresponding decrease in the amounts of phosphorylated Akt-1 in cells
studied (Supplementary Figure S3c). Accordingly, depletion of C-MYC in PTEN-
overexpressing melanoma cells yielded approximately two times fewer senescent cells
compared with the population of MYC-depleted cells expressing empty vector
(Supplementary Figure S3c).

Taken together, our data suggest that genetic inhibition of BRAFV600E or PI3K pathways
(although less efficient than pharmacological inhibition) is sufficient to suppress senescence
of melanoma cells caused by the depletion of C-MYC. Therefore, similar to that in normal
melanocytes, senescence markers in C-MYC-depleted melanoma cells require constitutively
active MEK or PI3K.

Senescence phenotypes induced by C-MYC depletion in melanoma cells or by BRAFV600E

and NRASQ61R overexpression in melanocytes occur independent of p53 or p16INK4A

Oncogene-induced senescence phenotypes in mouse cells have been previously shown to
depend on p53 and/or p16 (Ventura et al., 2007; Wu et al., 2007; Xue et al., 2007).
However, the precise role of these proteins in OIS of human cells has not been well defined
and is likely to be cell type-specific (see Discussion). Therefore, we attempted to identify
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the roles of p53 and p16INK4A in senescence phenotypes caused by C-MYC depletion in
melanoma cells and by the overexpression of BRAFV600E or NRASQ61R in normal
melanocytes.

Levels of p53 and p16INK4A in the melanoma cells studied and in normal melanocytes are
shown in Figure 4a. As it is well documented in melanomas, all the cell lines studied here,
with the exception of SK-Mel-28, contain wild-type p53 (Goding, 2000; Soengas et al.,
2001). However, regulation of p53 as well as its downstream pathways might have been
altered in the course of tumor progression. To test this possibility, cells from melanoma lines
SK-Mel-19, -29, -103 and -147 were infected with control or p53-specific shRNA, as
described previously (Wang et al., 2008). Control cells were treated for 16 h with vehicle
(dimethylsulfoxide) or 0.3 μg/ml of doxorubicin, a DNA-damaging agent that indirectly
induces stabilization of wild-type p53 and activation of its downstream targets (Lowe et al.,
1993). After completion of incubation, control cells and untreated p53-shRNA-expressing
cells were collected and the expression levels of p53 and its two well-characterized
transcriptional targets, p21CIP/WAF (El-Deiry et al., 1993) and p53R2 (a p53-dependent
ribonucleoside reductase, subunit 2) (Tanaka et al., 2004), were analysed by western
blotting. As shown in Figure 4b, changes in p53, p21CIP/WAF and p53R2 levels correlate
well with each other, suggesting that the p53 pathway is at least partially intact in the
melanoma cells studied.

As is also characteristic of many melanomas (Sharpless and Chin, 2003), p16INK4A

expression is absent in several of the cell lines used by us (Figure 4a). To determine the
functional role of p16INK4A or p53 in the mediation of senescence induced by C-MYC
depletion, the expression of p53 or p16INK4A was inhibited by the corresponding shRNAs in
the melanoma cells SK-Mel-19, -29, -103, -147 or SK-Mel-28, -103, -147, respectively
(Supplementary Figure S4), followed by super-infection with control or C-MYC-shRNA-
containing lentiviruses. The induction of senescence was monitored by counting SA-β-Gal-
positive cells at day 5 post-infection. As shown in Figure 4c, no substantial differences in
the proportion of SA-β-Gal-positive cells were detected among cells expressing or not p53
or p16 proteins.

Next, we examined the role of p53 and p16INK4A in BRAFV600E- or NRASQ61R-induced
senescence of normal melanocytes. The levels of p53 or p16 were depleted in normal
melanocytes via expression of the above shRNAs followed by super-infection with a control
lentivirus vector or vectors expressing BRAFV600E or NRASQ61R cDNAs (Figure 4d). The
proportion of SA-β-Gal-positive cells was determined at days 6 or 10 in NRASQ61R- or
BRAFV600E-expressing melanocytes, respectively. As shown in Figure 4d, suppression of
neither p53 nor p16INK4A was sufficient to rescue (even partially) senescence induced by
BRAFV600E or NRASQ61R. Therefore, our data suggest that senescence induced in normal
melanocytes by BRAFV600E or NRASQ61R, as well as senescence caused in melanoma cells
by depletion of C-MYC, is p53- or p16INK4A-independent.

C-MYC overexpression partially reverts OIS phenotypes in normal melanocytes
We were interested in whether senescence caused by the overexpression of BRAFV600E or
NRASQ61R in normal melanocytes associates with the inhibition of endogenous C-MYC
expression. To answer this question, we assessed by western blotting endogenous C-MYC
levels in normal melanocytes at different time points after infection with control vector or
vectors expressing BRAFV600E or NRASQ61R cDNAs. In parallel, senescence in the above
cells was monitored by determining the proportion of SA-β-Gal-positive cells (Figures 5a
and b).
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Ectopic expression of NRASQ61R caused an approximately threefold depletion of C-MYC
levels by day 10 (Figure 5a), which was associated with the increase in the proportion of
SA-β-Gal-positive cells (Figure 5b). In contrast to NRASQ61R, BRAFV600E-infected
melanocytes were previously shown to moderately increase proliferation rates within several
days after infection (Denoyelle et al., 2006). In keeping with these findings, C-MYC protein
levels in BRAFV600E-expressing melanocytes were increased slightly at day 6 post-infection
(Figure 5a). However, starting after day 6, C-MYC levels in these cells were decreasing
when compared with control melanocytes (Figure 5a). During this time, the proportion of
SA-β-Gal-positive cells gradually increased, reaching maximum at day 18 (Figure 5b).
Therefore, C-MYC levels inversely correlate with the number of senescent cells in
melanocytes expressing BRAFV600E or NRASQ61R.

To determine the functional role of C-MYC overexpression in suppressing OIS in normal
melanocytes, we co-expressed in these cells C-MYC cDNA in combination with cDNAs for
either BRAFV600E or NRASQ61R (see Figure 5c for schematic representation of infection
and Supplementary Figure S5). As shown in Figure 5d, populations of melanocytes co-
expressing BRAFV600E and C-MYC contained fewer SA-β-Gal-positive cells compared with
populations expressing BRAFV600E and empty vector (20±3% versus 57±9% at day 14 and
29.5%±10.5% versus 71%±11% at day 18). Similarly, melanocytic populations co-
expressing C-MYC and NRASQ61R contained fewer SA-β-Gal-positive cells than their
counterparts expressing NRASQ61R and empty vector (46%±4% versus 59%±6% at day 6
and 51%±4.5% versus 64.5%±6.5% at day 10; Figure 5d). We, therefore, concluded that C-
MYC overexpression partially suppresses senescence induced in normal melanocytes by
BRAFV600E and, to the lesser extent, by NRASQ61R.

Discussion
Oncogene-induced senescence in normal cells is emerging as a fail-safe mechanism for
suppressing tumor development at a pre-malignant stage (Bringold and Serrano, 2000;
Collado and Serrano, 2006; Haluska et al., 2006; Ha et al., 2007). In humans, OIS is
probably best exemplified by nevi that represent benign tumors consisting primarily of non-
proliferative melanocytes, which often harbor activating mutations in the BRAF or NRAS
gene (Michaloglou et al., 2005). The malignant melanomas that frequently originate from
nevi must, therefore, develop mechanisms for escaping OIS (Michaloglou et al., 2005; Mooi
and Peeper, 2006).

In answer to this problem, we report here that enforced C-MYC expression in normal
melanocytes partially overcomes senescence-inducing effects of BRAFV600E and, to a lesser
extent, of NRASQ61R, whereas acute depletion of C-MYC causes senescence in BRAFV600E

and NRASQ61R melanoma cells. Interestingly, even partial (≥70%) depletion of C-MYC
appears to be sufficient to induce senescence in melanoma cells. Moreover, a simple
mathematical analysis of data presented in Figure 1b and Supplementary Figure S1a reveals
that senescence in melanoma cells could be induced when C-MYC levels are suppressed
approximately to those in normal melanocytes (majority of the studied cell lines), and even
when the remaining amounts of C-MYC in melanoma cells are still higher than C-MYC
amounts in normal melanocytes (for example, SK-Mel-2 or G361 cells infected with M2-
shRNA). Therefore, partial suppression of C-MYC is sufficient to induce senescence in at
least several melanoma cell lines.

We have demonstrated that C-MYC-depleted BRAFV600E- or NRASQ61R-expressing
melanoma cells morphologically resemble normal melanocytes that have become senescent
as a consequence of BRAFV600E or NRASQ61R overexpression, respectively. These data
suggest that BRAFV600E- or NRASQ61R-specific senescence programs are latent in
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melanoma cells and subjected to reactivation under certain conditions. Moreover, it appears
that one of the major roles of C-MYC overexpression in melanoma cells is to suppress
senescence-inducing activity of the above-mentioned oncoproteins. These suggestions are
further supported by our findings that pharmacological inhibition of downstream targets of
activated BRAF or NRAS in senescent melanoma cells results in suppression of several
senescence phenotypes (Figure 3). Interestingly, pharmacological inhibition of PI3K but not
MEK was previously reported to decrease vacuolization and the proportion of SA-β-Gal-
positive cells in normal melanocytes expressing HRASV12G (Denoyelle et al., 2006). In fact,
additional similarities exist between senescence in melanoma cells caused by depletion of C-
MYC and OIS in melanocytes. First, in both cases, senescence phenotypes depended on or
were associated with low levels of C-MYC. Indeed, in melanoma cells, C-MYC depletion
was the cause of senescence, whereas senescent melanocytes with BRAFV600E or
NRASQ61R had decreased levels of C-MYC (Figure 5).

Second, in all cases, senescence phenotypes were p53- or p16INK4A-independent, in contrast
to what is commonly seen in rodent cells. In fact, the contribution of these tumor
suppressors to the premature senescence of normal human cells is still under debate. For
example, normal human fibroblasts deficient in p16INK4A and ectopically expressing the
catalytic subunit of the telomerase reverse transcriptase are resistant to the antiproliferative
effects of activated HRAS (Drayton et al., 2003). Similarly, oncogenic HRAS may be a poor
inducer of premature senescence in freshly isolated human fibroblasts expressing low levels
of p16INK4A (Benanti and Galloway, 2004). On the other hand, p16INK4A deficiency did not
prevent senescence by BRAFV600E in normal human fibroblasts (Michaloglou et al., 2005).
In addition, heterogeneous expression of p16INK4A can be detected in nevi. Thus, SA-β-Gal-
positive nevus cells may not necessarily accumulate p16INK4A (Michaloglou et al., 2005).
Furthermore, HRASG12V caused senescence independently of p53 in primary human
esophageal keratinocytes (Takaoka et al., 2004), whereas p53 or p16INK4A were shown to be
dispensable for the senescence induced in normal melanocytes by HRASV12G (Denoyelle et
al., 2006). Therefore, p53 and p16INK4A may not be universal mediators of OIS in human
cells, irrespective of whether they are normal or transformed.

Our data demonstrate that ectopic overexpression of C-MYC can partially rescue the
senescence phenotype of melanocytes expressing BRAFV600E, and that it does so less
efficiently in melanocytes expressing NRASQ61R. Recently, it has been shown that unlike
BRAFV600E, overexpression of NRASQ61R in normal melanocytes induces an unfolded
protein response, and that shRNA-mediated inhibition of several proteins involved in the
unfolded protein response (ATF-4 and ATF-6 (Kim et al., 2006)) suppresses NRASQ61R-
induced senescence (Denoyelle et al., 2006). In our experience, C-MYC overexpression in
melanocytes does not affect the unfolded protein response pathway and, in particular,
expression of ATF-4 and -6 (data not shown), which could account for the inability of C-
MYC to successfully overcome senescence induced by NRASQ61R. Interestingly, in
melanomas from non-chronically sun-damaged skin, NRAS mutations are less common than
BRAF mutations (Curtin et al., 2005). One of the possible explanations for this observation
could be that in the course of melanoma progression, senescence induced by activated
NRAS is less likely to be overcome than that induced by activated BRAF. Our in vitro data
on co-expression of C-MYC with BRAFV600E or NRASQ61R in normal melanocytes support
this scenario.

C-MYC has been implicated in opposing senescence that is not induced by oncogenes.
Indeed, a recent study by Guney et al. (2006) demonstrated that 50% depletion of C-MYC in
normal human fibroblasts ectopically expressing telomerase reverse transcriptase resulted in
the premature induction of senescence after five passages. Similarly, continuous partial
inhibition of C-MYC in M14 melanoma cells (over a period of seven passages) was reported

Zhuang et al. Page 8

Oncogene. Author manuscript; available in PMC 2013 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to induce cell crisis associated with telomere shortening, apoptosis and increased activity of
SA-β-Gal (Biroccio et al. 2003). Accordingly, C-MYC was shown to rescue normal human
prostate epithelial cells from replicative senescence (presumably via upregulation of the
catalytic subunit of the telomerase reverse transcriptase) (Gil et al., 2005). Importantly,
human prostate epithelial-MYC cells were still undergoing senescence-like growth arrest in
response to oncogenic Ras (Gil et al., 2005). In addition, when this paper was in preparation,
Wu et al., 2007 demonstrated that inactivation of C-MYC resulted in induction of
senescence phenotypes in several mouse tumor models, including lymphoma, osteosarcoma
and hepatocellular carcinoma. These phenotypes were not suppressed by pharmacological
inhibition of MEK, but depended on p16INK4A or p53.

Conversely, in one special case (fibroblasts from Werner syndrome patients that lack a
conserved RecQ helicase encoded by WRN gene), C-MYC overexpression was shown to
actually induce senescence (Grandori et al., 2003). Therefore, our data and those of others
suggest that the role of C-MYC in senescence of human cells is complex and depends on
possibly overlapping pathways, the nature of which could be cell type- and/or tumor-
dependent.

In summary, our study has identified that BRAFV600E- or NRASQ61R-specific senescence
programs exist in a dormant state in advanced melanoma cells and that one of the major
functions of C-MYC overexpression during melanoma progression is to continuously
suppress such senescence.

Materials and methods
Cell lines

Melanoma cell lines were originally obtained from Memorial Sloan Kettering Cancer
Center. Cells were cultured in Dulbecco's modified Eagle's essential minimal medium as
recommended by the supplier. Supplements included fetal calf serum (10%), 2mM glutamine,
and 100 U/ml penicillin G+100 μg/ml streptomycin. All cell culture agents were purchased
from Invitrogen Inc. (Carlsbad, CA, USA). Normal melanocytes were isolated from neonatal
foreskins as reported before (Denoyelle et al., 2006) and maintained in Medium 254
supplemented with 0.2mM CaCl2, 16nM TPA and melanocyte growth factors (Invitrogen,
Portland, OR, USA).

Senescence assay
Cells were plated in 12-well plates at 30% confluence 2 days prior to the assay. Cells were
fixed and incubated for different time periods (4 h to overnight, depending on the cell line)
at 37 °C with the staining solution containing the X-Gal substrate (BioVision, Mountain
View, CA, USA). The development of blue color was detected visually under the
microscope.

siRNA and shRNA
Control and BRAFV600E-specific siRNAs (Sharma et al., 2005) were manufactured by
Invitrogen and transfected according to the manufacturer's recommendations. The lentiviral
vectors containing shRNA specific for p53 and p16INK4A were described by Denoyelle et al.
(2006) and Wang et al. (2008), respectively. Lentiviral vector pLKO-1 containing shRNA-1
specific for human C-MYC (C-MYC-shRNA-1) was purchased from Sigma (St Louis, MO,
USA). The C-MYC-targeting sequences consisted of nucleotides 1567–1585 of the
previously published sequence (GenBank accession no. NM_002467.3). The lentiviral
construct H1 was used to express C-MYC-shRNA-2 corresponding to nucleotides 1341–
1359 of C-MYC. A control lentiviral vector contained an irrelevant sequence. Lentiviral
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packaging reactions were performed in the 293-FT cell line in the presence of packaging
plasmids VSG and DDR (Wang et al., 2008) using Superfect transfection reagent (Qiagen
Inc., Chatsworth, CA, USA). Viral supernatants were collected 48 h after transfection,
filtered through disposable 0.45 μM cellulose acetate filters (VWR Scientific Inc., West
Chester, PA, USA) and frozen in individual aliquots at −80 °C. For infection, cells were
plated in 60 or 100 mm tissue culture dishes and allowed to achieve 40–50% confluence
before adding the viral supernatant in the presence of 8 μg/ml polybrene (Sigma) for 24 h.
Cells infected with C-MYC-shRNA-2 in H1 lentiviral vector were examined by
fluorescence microscopy for the expression of EGFP in 48 h.

Immunoprecipitation, immunoblotting and immunofluorescence
Frozen human tumor samples, obtained via the Tissue Procurement Service of the
University of Michigan Comprehensive Cancer Center, were embedded in OCT,
cryosectioned and stained with hematoxylin to select the appropriate regions for use in the
experiments. Typically, these specimens were large enough to obtain all of the material from
a single region (for example, 2–3 mm2). The selected regions were at least 80% tumor cells
(tumor cellularity), and tumors with mixed histology were not used. The tumor portions
chosen for the experiments were obtained by cutting out that region of the tumor using a
pointed scalpel cooled with dry ice. Protein extracts were obtained from frozen sections of
melanoma tumors or benign nevi by extracting in F-buffer containing 0.3M NaCl and 0.3%
TritonX (Nikiforov et al., 2002). A total of 1 ml of F-buffer concurrently with 20 ml of
liquid nitrogen was added directly to the samples followed by grinding using a pestle and a
bowl. C-MYC protein levels were assessed by immunoprecipitation from approximately 300
μg of F-buffer protein extracts with bead-conjugated monoclonal mouse C-MYC-specific
antibodies (C-33; Santa Cruz Biotechnology, Santa Cruz, CA, USA) followed by western
blotting with rabbit polyclonal C-MYC-specific antibodies (N-262, Santa Cruz
Biotechnology). Normalization of the amounts of samples was done by measuring the
protein concentration of the extracts in colorimetric assays and verified by probing extract
aliquot in western blotting with α-tubulin antibodies. To determine the C-MYC levels in
cultured cells, total cell lysates were prepared and immunoblotting was performed, as
previously described, using 50 μg of total protein (Nikiforov et al., 2002). The following
antibodies were used: human C-MYC-specific C33 mouse monoclonal antibodies or N262
rabbit polyclonal antibodies (Santa Cruz Biotechnology), p53-specific antibodies (Vector
Labs, Burlingame, CA, USA), p16INK4A-specific antibodies (BD Bioscience, San Jose, CA,
USA), ERK1/2, phospho-ERK1/2, AKT-1, phospho-AKT-1 (Cell Signaling Technology,
Danvers, MA, USA), p53R2 and p21CIP/WAF, tubulin-specific D-10 (all from Santa Cruz
Biotechnology). Membranes were developed using alkaline phosphatase-conjugated
secondary antibodies and detection/quantification of the signal was performed using
STORM PhosphorImager and ImageQuant 2.0 program. Background was calculated from
an equivalent area in each lane and subtracted from the value for the protein signal in that
lane. For immunofluorescence staining with antibodies specific to trimethylated lysine 9 of
histone H3 (Millipore, Billerica, MA, USA), the cells were fixed and processed as
previously described (Michaloglou et al., 2005).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We are grateful to Michelle Vinco for assistance with the human tissue work. This work was supported by Grants
NIH R01 CA120244 (MAN), CA107237 (MSS), and, in part, by the University of Michigan's Cancer Center
Support Grant (NIH 5 P30 CA46592). MAN is a Melanoma Research Foundation Scholar.

Zhuang et al. Page 10

Oncogene. Author manuscript; available in PMC 2013 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



References
Arvanitis C, Felsher DW. Conditional transgenic models define how MYC initiates and maintains

tumorigenesis. Semin Cancer Biol. 2006; 16:313–317. [PubMed: 16935001]

Bauer J, Curtin JA, Pinkel D, Bastian BC. Congenital melanocytic nevi frequently harbor NRAS
mutations but no BRAF mutations. J Invest Dermatol. 2007; 127:179–182. [PubMed: 16888631]

Benanti JA, Galloway DA. Normal human fibroblasts are resistant to RAS-induced senescence. Mol
Cell Biol. 2004; 24:2842–2852. [PubMed: 15024073]

Biroccio A, Amodei S, Antonelli A, Benassi B, Zupi G. Inhibition of c-Myc oncoprotein limits the
growth of human melanoma cells by inducing cellular crisis. J Biol Chem. 2003; 278:35693–35701.
[PubMed: 12824159]

Boehm JS, Hession MT, Bulmer SE, Hahn WC. Transformation of human and murine fibroblasts
without viral oncoproteins. Mol Cell Biol. 2005; 25:6464–6474. [PubMed: 16024784]

Bringold F, Serrano M. Tumor suppressors and oncogenes in cellular senescence. Exp Gerontol. 2000;
35:317–329. [PubMed: 10832053]

Chin L, Garraway LA, Fisher DE. Malignant melanoma: genetics and therapeutics in the genomic era.
Genes Dev. 2006; 20:2149–2182. [PubMed: 16912270]

Collado M, Serrano M. The power and the promise of oncogene-induced senescence markers. Nat Rev
Cancer. 2006; 6:472–476. [PubMed: 16723993]

Curtin JA, Fridlyand J, Kageshita T, Patel HN, Busam KJ, Kutzner H, et al. Distinct sets of genetic
alterations in melanoma. N Engl J Med. 2005; 353:2135–2147. [PubMed: 16291983]

Denoyelle C, Abou-Rjaily G, Bezrookove V, Verhaegen M, Johnson TM, Fullen DR, et al. Anti-
oncogenic role of the endoplasmic reticulum differentially activated by mutations in the MAPK
pathway. Nat Cell Biol. 2006; 8:1053–1063. [PubMed: 16964246]

Drayton S, Rowe J, Jones R, Vatcheva R, Cuthbert-Heavens D, Marshall J, et al. Tumor suppressor
p16INK4a determines sensitivity of human cells to transformation by cooperating cellular
oncogenes. Cancer Cell. 2003; 4:301–310. [PubMed: 14585357]

el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, Trent JM, et al. WAF1, a potential
mediator of p53 tumor suppression. Cell. 1993; 75:817–825. [PubMed: 8242752]

Gil J, Kerai P, Lleonart M, Bernard D, Cigudosa JC, Peters G, et al. Immortalization of primary human
prostate epithelial cells by c-Myc. Cancer Res. 2005; 65:2179–2185. [PubMed: 15781629]

Gil J, Peters G. Regulation of the INK4b-ARF-INK4a tumour suppressor locus: all for one or one for
all. Nat Rev Mol Cell Biol. 2006; 7:667–677. [PubMed: 16921403]

Goding CR. Melanocyte development and malignant melanoma. Forum (Genova). 2000; 10:176–187.
[PubMed: 11007928]

Gollob JA, Wilhelm S, Carter C, Kelley SL. Role of Raf kinase in cancer: therapeutic potential of
targeting the Raf/MEK/ERK signal transduction pathway. Semin Oncol. 2006; 33:392–406.
[PubMed: 16890795]

Grandori C, Wu KJ, Fernandez P, Ngouenet C, Grim J, Clurman BE, et al. Werner syndrome protein
limits MYC-induced cellular senescence. Genes Dev. 2003; 17:1569–1574. [PubMed: 12842909]

Gray-Schopfer V, Wellbrock C, Marais R. Melanoma biology and new targeted therapy. Nature. 2007;
445:851–857. [PubMed: 17314971]

Greulich KM, Utikal J, Peter RU, Krähn G. c-MYC and nodular malignant melanoma. A case report.
Cancer. 2000; 89:97–103. [PubMed: 10897006]

Guney I, Wu S, Sedivy JM. Reduced c-Myc signaling triggers telomere-independent senescence by
regulating Bmi-1 and p16(INK4a). Proc Natl Acad Sci USA. 2006; 103:3645–3650. [PubMed:
16537449]

Ha L, Ichikawa T, Anver M, Dickins R, Lowe S, Sharpless NE, et al. ARF functions as a melanoma
tumor suppressor by inducing p53-independent senescence. Proc Natl Acad Sci USA. 2007;
104:10968–10973. [PubMed: 17576930]

Haluska F, Pemberton T, Ibrahim N, Kalinsky K. The RTK/RAS/BRAF/PI3K pathways in melanoma:
biology, small molecule inhibitors, and potential applications. Semin Oncol. 2007; 34:546–554.
[PubMed: 18083378]

Zhuang et al. Page 11

Oncogene. Author manuscript; available in PMC 2013 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Haluska FG, Tsao H, Wu H, Haluska FS, Lazar A, Goel V. Genetic alterations in signaling pathways
in melanoma. Clin Cancer Res. 2006; 12:2301s–2307s. [PubMed: 16609049]

Itahana K, Campisi J, Dimri GP. Methods to detect biomarkers of cellular senescence: the senescence-
associated beta-galactosidase assay. Methods Mol Biol. 2007; 371:21–31. [PubMed: 17634571]

Kastan MB. Wild-type p53: tumors can't stand it. Cell. 2007; 128:837–840. [PubMed: 17350571]

Kim R, Emi M, Tanabe K, Murakami S. Role of the unfolded protein response in cell death.
Apoptosis. 2006; 11:5–13. [PubMed: 16374548]

Kraehn GM, Utikal J, Udart M, Greulich KM, Bezold G, Kaskel P, et al. Extra c-myc oncogene copies
in high risk cutaneous malignant melanoma and melanoma metastases. Br J Cancer. 2001; 84:72–
79. [PubMed: 11139316]

Lowe SW, Ruley HE, Jacks T, Housman DE. p53-dependent apoptosis modulates the cytotoxicity of
anticancer agents. Cell. 1993; 74:957–967. [PubMed: 8402885]

Lutz W, Leon J, Eilers M. Contributions of Myc to tumorigenesis. Biochim Biophys Acta. 2002;
1602:61–71. [PubMed: 11960695]

Maldonado JL, Fridlyand J, Patel H, Jain AN, Busam K, Kageshita T, et al. Determinants of BRAF
mutations in primary melanomas. J Natl Cancer Inst. 2003; 95:1878–1890. [PubMed: 14679157]

Meier F, Schittek B, Busch S, Garbe C, Smalley K, Satyamoorthy K, et al. The RAS/RAF/MEK/ERK
and PI3K/AKT signaling pathways present molecular targets for the effective treatment of
advanced melanoma. Front Biosci. 2005; 10:2986–3001. [PubMed: 15970553]

Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C, Kuilman T, van der Horst CM, et al.
BRAFE600-associated senescence-like cell cycle arrest of human naevi. Nature. 2005; 436:720–
724. [PubMed: 16079850]

Mooi WJ, Peeper DS. Oncogene-induced cell senescence—halting on the road to cancer. N Engl J
Med. 2006; 355:1037–1046. [PubMed: 16957149]

Narita M, Nũnez S, Heard E, Narita M, Lin AW, Hearn SA, et al. Rb-mediated heterochromatin
formation and silencing of E2F target genes during cellular senescence. Cell. 2003; 113:703–716.
[PubMed: 12809602]

Nesbit CE, Tersak JM, Prochownik EV. MYC oncogenes and human neoplastic disease. Oncogene.
1999; 18:3004–3016. [PubMed: 10378696]

Nikiforov MA, Chandriani S, Park J, Kotenko I, Matheos D, Johnsson A, et al. TRRAP-dependent and
TRRAP-independent transcriptional activation by Myc family oncoproteins. Mol Cell Biol. 2002;
22:5054–5063. [PubMed: 12077335]

Pollock PM, Harper UL, Hansen KS, Yudt LM, Stark M, Robbins CM, et al. High frequency of BRAF
mutations in nevi. Nat Genet. 2003; 33:19–20. [PubMed: 12447372]

Ross DA, Wilson GD. Expression of c-myc oncoprotein represents a new prognostic marker in
cutaneous melanoma. Br J Surg. 1998; 85:46–51. [PubMed: 9462382]

Sharma A, Trivedi NR, Zimmerman MA, Tuveson DA, Smith CD, Robertson GP. Mutant V599EB-
Raf regulates growth and vascular development of malignant melanoma tumors. Cancer Res.
2005; 65:2412–2421. [PubMed: 15781657]

Sharpless E, Chin L. The INK4a/ARF locus and melanoma. Oncogene. 2003; 22:3092–3098.
[PubMed: 12789286]

Soengas MS, Capodieci P, Polsky D, Mora J, Esteller M, Opitz-Araya X, et al. Inactivation of the
apoptosis effector Apaf-1 in malignant melanoma. Nature. 2001; 409:207–211. [PubMed:
11196646]

Takaoka M, Harada H, Deramaudt TB, Oyama K, Andl CD, Johnstone CN, et al. Ha-Ras(G12V)
induces senescence in primary and immortalized human esophageal keratinocytes with p53
dysfunction. Oncogene. 2004; 23:6760–6768. [PubMed: 15273725]

Tanaka H, Arakawa H, Yamaguchi T, Shiraishi K, Fukuda S, Matsui K, et al. A ribonucleotide
reductase gene involved in a p53-dependent cell-cycle checkpoint for DNA damage. Nature. 2004;
404:42–49. [PubMed: 10716435]

Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, Grimm J, Lintault L, et al. Restoration of p53
function leads to tumour regression in vivo. Nature. 2007; 445:661–665. [PubMed: 17251932]

Zhuang et al. Page 12

Oncogene. Author manuscript; available in PMC 2013 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Verhaegen M, Bauer JA, Martin de la Vega C, Wang G, Wolter KG, Brenner JC, et al. A novel BH3
mimetic reveals a mitogen-activated protein kinase-dependent mechanism of melanoma cell death
controlled by p53 and reactive oxygen species. Cancer Res. 2006; 66:11348–11359. [PubMed:
17145881]

Vita M, Henriksson M. The Myc oncoprotein as a therapeutic target for human cancer. Semin Cancer
Biol. 2006; 16:318–330. [PubMed: 16934487]

Wang H, Mannava S, Grachtchouk V, Zhuang D, Soengas MS, Gudkov AV, et al. c-Myc depletion
inhibits proliferation of human tumor cells at various stages of the cell cycle. Oncogene. 2008;
27:1905–1915. [PubMed: 17906696]

Wu CH, van Riggelen J, Yetil A, Fan AC, Bachireddy P, Felsher DW. Cellular senescence is an
important mechanism of tumor regression upon c-Myc inactivation. Proc Natl Acad Sci USA.
2007; 104:13028–13033. [PubMed: 17664422]

Xue W, Zender L, Miething C, Dickins RA, Hernando E, Krizhanovsky V, et al. Senescence and
tumour clearance is triggered by p53 restoration in murine liver carcinomas. Nature. 2007;
445:656–660. [PubMed: 17251933]

Yang Q, Guan KL. Expanding mTOR signaling. Cell Res. 2007; 17:666–681. [PubMed: 17680028]

Zhuang et al. Page 13

Oncogene. Author manuscript; available in PMC 2013 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
C-MYC levels are elevated in melanoma tissues and cell lines. (a) Human tissue samples
were obtained and processed as described in Materials and methods. Immunoprecipitated
materials were probed in western blotting with rabbit C-MYC antibodies. Note that the
lower panel corresponds to the normalized protein extracts probed with antitubulin
antibodies prior to immunoprecipitation. Numbers below the panel indicate fold-increase of
C-MYC/tubulin ratio compared with that in the first lane (nevus). See Materials and
methods for description of signal quantification. (b) Total cellular extracts from two
independently isolated populations of normal melanocytes and indicated metastatic
melanoma cell lines were probed in western blotting with antibodies designated on the right.
Numbers below the panels show fold-increase of C-MYC/tubulin ratio compared with that
in the first lane (melanocytes). a, NRASQ61R-expressing cell lines; b, BRAFV600E-
expressing cell lines. IP, immunoprecipitation; WB, western blotting.
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Figure 2.
C-MYC depletion induces senescence-associated β-galactosidase (SA-β-Gal) activity in
melanoma cells. (a) Normal melanocytes were infected with control lentiviral vector (V) or
vectors expressing BRAFV600E or NRASQ61R cDNAs (indicated at the top of the panel).
Cells were fixed and stained for SA-β-Gal activity, according to Materials and methods,
after 18 days (control and BRAFV600E-infected melanocytes) or after 6 days (NRASQ61R-
infected melanocytes). Numbers below the panel indicate percent of SA-β-Gal-positive cells
detected in each population (100 cells were counted in each of the duplicate plates). (b)
Melanoma cells designated on the left from each panel with the number assigned in Figure
1b were infected with control shRNA (CL) or M1- or M2-shRNAs. Cells were fixed and
stained for SA-β-Gal activity, according to Materials and methods 6 days after infection.
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Numbers below the panels indicate percent of SA-β-Gal-positive cells detected in each
population (100 cells were counted in each of the duplicate plates).
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Figure 3.
Pharmacological inhibition of phosphoinositide 3-kinase or MEK suppresses several
senescence phenotypes induced by C-MYC depletion in melanoma cells. (a) SK-Mel-94 or
-103 cells infected with control (CL) or MYC-shRNA-1 (M1) were incubated with vehicle
(dimethylsulfoxide) (V), 5 μM U0216 (U0) or 5 μM LY294002 (LY) for 48 h starting at day 4
after infection with lentiviral vectors containing the corresponding shRNAs. Cells were
fixed and stained for SA-β-Gal activity as described in Materials and methods. Areas within
the white dotted boxes are shown at higher magnification. Numbers outside and within
parentheses indicate a percentage of SA-β-Gal-positive cells and vacuolized cells,
respectively, and were derived from counting 100 cells in duplicate plates. (b) SK-Mel-94
and -103 cells infected and treated as in (a) and were counted in duplicates before addition
of the drugs and after completion of incubation with the drugs. Fold-increase in cell number
was obtained by dividing the number of cells after incubation by the number of cells before
the addition of the drugs.
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Figure 4.
Inhibition of p53 or p16INK4A does not affect senescence in normal melanocytes and
melanoma cells. (a) Cells from the designated cell lines were harvested in SDS containing
buffer and total cellular extracts were resolved on 4–20% gradient polyacrylamide gel and
probed in western blotting with antibodies designated on the left. (b) Cells from designated
melanoma lines were infected with control lentiviral vector (CL) or with lentiviral vector
expressing p53-shRNA. Two days after infection, control cells were incubated with vehicle
(dimethylsulfoxide) or 0.3 μg/ml of doxorubicin for 16 h. After incubation, control and
untreated p53-shRNA-expressing cells were harvested in SDS containing buffer and total
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cellular extracts were resolved on 4–20% gradient polyacrylamide gel and probed in western
blotting with antibodies designated on the left. (c) Indicated melanoma cells expressing
control (CL), p53- (p53) or p16INK4A- (p16) specific shRNAs were super-infected with
control shRNA (CL) or MYC-shRNAs (M1 or M2) 4 days after the primary infection. Cells
were fixed and stained for senescence-associated β-galactosidase (SA-β-Gal) activity 6 days
after the secondary infection. Numbers on the graphs indicate a percentage of SA-β-Gal-
positive cells and were derived from counting 100 cells in duplicate plates. Open boxes,
black boxes and crossed boxes correspond to cells infected with control shRNA (CL),
MYC-shRNA-1 (M1) and MYC-shRNA-2 (M2), respectively. (d) Normal melanocytes
were infected with lentiviruses containing shRNAs specific for p53 or p16INK4A. At day 4
after infection, cells were super-infected with control lentiviruses (V) or lentiviruses
expressing BRAFV600E (B) or NRASQ61R (N). Ten days after the secondary infection, cells
were harvested and total cellular extracts were resolved on 4–20% gradient polyacrylamide
gel and probed in western blotting with antibodies designated on the left. Indicated cells
were allowed to propagate for 10 days before fixation and staining for SA-β-Gal activity.
Data correspond to the percentage of SA-β-Gal-positive cells determined for each cell
population in duplicates. shRNA, short hairpin RNA.
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Figure 5.
C-MYC overexpression suppresses senescence in normal melanocytes overexpressing
BRAFV600E or NRASQ61R. (a) Normal melanocytes infected with control lentiviral vector
(V) or vectors expressing BRAFV600E (B) or NRASQ61R (N) cDNAs were collected at the
designated time points after infection and total cellular extracts from these cells were probed
in western blotting with antibodies designated on the left. (b) Cells described in (a) were
stained for senescence-associated β-galactosidase (SA-β-Gal) activity at the designated time
points and the percentage of SA-β-Gal-positive cells was plotted (100 cells were counted in
duplicate plates). (c) Schematic of primary and secondary infections. At day −3,
melanocytes were infected with control lentiviral vector or vector expressing C-MYC
cDNA. At day 0, the above populations were super-infected with control lentiviral vector or
vector expressing BRAFV600E or NRASQ61R cDNAs. Cells were fixed and stained for SA-
β-Gal activity at day 2, and every 4 days thereafter for a total of 18 days. (d) Cells were
infected according to the schematic in (c). Populations generated are indicated on the right
of the graph: cells were stained for SA-β-Gal activity at the designated time points and the
percentage of SA-β-Gal-positive cells was plotted (100 cells were counted in duplicate
slides).
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