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Abstract

Although melanoma ultimately progresses to a highly aggressive and metastatic disease that is
typically resistant to currently available therapy, it often begins as a benign nevus consisting of a
clonal population of hyperplastic melanocytes that cannot progress because they are locked in a state
of cellular senescence. Once senescence is overcome, the nevus can exhibit dysplastic features and
readily progress to more lethal stages. Recent advances have convincingly demonstrated that
senescence represents a true barrier to the progression of many types of cancer, including melanoma.
Thus, understanding the mechanism(s) by which melanoma evades senescence has become a priority
in the melanoma research community. Senescence in most cells is regulated through some
combination of activities within the RB and p53 pathways. However, differences discovered among
various tumor types, some subtle and others quite profound, have revealed that senescence frequently
operates in a context-dependent manner. Here we review what is known about melanocyte
senescence, and how such knowledge may provide a much-needed edge in our struggles to contain
or perhaps vanquish this often-fatal malignancy.

The fundamental process of cellular senescence was originally characterized by Hayflick and
Moorhead.> Cellular senescence was first recognized as the phenomenon whereby normal
diploid somatic cells lose the ability to divide after a finite number of divisions. This irreversible
cell-cycle arrest following extensive proliferation is now known as "replicative senescence”
or the "Hayflick phenomenon”. Cells can also undergo a more rapid senescence in response to
various physiological stresses, a process called “stress-induced senescence”.2~4 This includes
oncogene-induced senescence seen following oncogene activation in normal cells.>~7 Other
triggers of senescence include telomere shortening (in replicative senescence), DNA damage,
and cellular and oxidative stresses. Senescence represents a cellular program executed in
response to cell da\mage.z?8 Senescence is now understood to be a crucial barrier to
tumorigenesisrr’?6 Itis accompanied by a set of morphological and functional changes: the cell
becomes bigger and flatter, and undergoes changes in chromatin structure and gene expression,
4.9 and displays markers such as senescence-associated-p-galactosidase (SA-p-gal) and
heterochromatin protein 1-y (Fig. 1).

p53 and the retinoblastoma protein (RB) are considered classic central players in the induction
of cellular senescence, and are both activated upon entry into senescence 110-12 (Fig. 2).
During senescence the p53 protein is stabilized by its negative regulator protein, mouse double
minute 2 (Mdm2), which acts as an E3 ubiquitin ligase to target p53 for proteasomal
degradation. p53 proceeds to activate its transcriptional targets, such as p21C/PL/WAF1 13
Activated (hypophosphorylated) RB binds to E2F-family transcription factors to repress their
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transcriptional targets and thus inhibit cell-cycle progression.14 However, itis now appreciated
that senescence is much more complex, and cell context dependent.

The currently accepted model for regulation of senescence in mouse embryo fibroblasts
(MEFs) is a linear one where p53 plays a main role: its transcriptional activation of p21, a
broad-spectrum cyclin/cyclin-dependent kinases (Cdks) inhibitor, leads to cell-cycle arrest.
Inactivation of p53 in MEFs is sufficient to prevent senescence.1® Rb-null MEFs senesce
normally but inactivation of an additional member of the Rb family, p107 and p130, prevents
senescence.18 Activation of both the p53 and the Rb pathways is needed to maintain senescence
in MEFs.19:16 However, p21-null MEFs senesce normally17, implying additional
mechanisms. In human fibroblasts the activation of both p53 and RB is required to initiate and
maintain senescence.2:12 Senescence of human fibroblasts in culture occurs in two pha\ses.9
The first phase (normal replicative senescence) can be overridden by addition of viral
oncogenes such as simian virus 40 large T antigen or human papilloma virus 16 oncogenes E6
and E7, whose protein products abrogate both the p53 and RB pathways.12 It can also be
prevented b(\; expression of human telomerase reverse transcriptase ("nTERT) which elongates
telomeres.10:12:18 After more divisions fibroblast cultures stop proliferating again, in a phase
called crisis. Crisis is caused by extreme telomere shortening, involves telomere fusions and
chromosomal breakage, and can be overcome by the expression of hTERT, leading to
immortalization.9:10;18;19

A central locus in the control of cell senescence that engages the p53 and the RB pathways is
the CDKN2 (Ink4-Arf in mouse) locus on chromosome 9p21. This locus is frequently
implicated in various types of cancer20:21 and is the best-known familial melanoma locus,
commonly altered in both heritable and sporadic melanoma.22:23 The Ink4-Arf locus encodes
three tumour suppressors, Inkda (CDKN2A% and Ink4b (CDKN2B), and Arf (also called
p19AT in mouse and p14ARF in human).24:25 Ink4b appears to be derived from a tandemly
duplicated Ink4a gene. Whereas Ink4b has its own open reading frame, Ink4a and Arf have
different first exons that are spliced to a common second and third exon. Although these two
genes share exons 2 and 3, Arf is read from an alternative reading frame relative to Ink4a. Ink4a
and Ink4b are inhibitors of cyclin D/Cdk 4 and 6 and are thus activators of Rb. They block the
phosphorylation of Rb and its family members, p130 and p107.26 Arf activates p53 by binding
to and inactivating Mdm2.24:25 This has been the prevailing view on how Arf functions as a
cell-cycle inhibitor (Fig. 2), although Arf pathways now appear to be more intricate (see below).

While the tumour suppressor functions for INK4A and ARF have been under intensive
examination, the role of INK4B has been studied much less. In 2007 however, Krimpenfort et
al. showed that mice deficient for all three open reading frames (Ink4b, Ink4a and Arf) are more
tumour-prone and develop a wider spectrum of tumours than Ink4a/Arf-null mice, with a
preponderance of skin tumours and soft tissue sarcomas.2/ Inkda/Inkdb/Arf-null MEFs were
substantially more sensitive to oncogenic transformation than Ink4a/Arf-null MEFs, and under
conditions of stress, levels of Ink4b protein were significantly elevated in Ink4a-null MEFs.
The authors proposed that Ink4b acts to fulfil a critical backup function for Ink4a.2” Moreover,
INK4B has been proposed to be a marker of oncogene-induced senescence.?8 To date, the
majority of reported mutations in the CDKN2 locus associated with familial melanoma affect
INKA4A function, some affect ARF and a few affect INK4B.22:23:29 |n contrast with other
tumour types, p53 is mutated relatively infrequently in melanomas (9%).22

The relative importance of the p53 and RB pathways in the control of senescence varies
between different cell types. The Arf/p53 pathway seems to be more important than the Ink4a/
Ink4b/Rb pathway in senescence of mouse fibroblasts. Ink4a-null and Ink4b-null fibroblasts
with functional Arf senesce normally,3o‘32 while Arf-null fibroblasts with normal Ink4a33
and Ink4a-Arf-null fibroblasts do not senesce.33:34 At the same time, loss of either INK4A/

Cell Cycle. Author manuscript; available in PMC 2009 May 6.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Haetal.

Page 3

ARF product can cooperate with H-RAS activation to produce clinically indistinguishable
melanomas.3® In 2002, Sviderskaya et al. showed that Ink4a-Arf-null mouse melanocytes with
intact p53 function do not senesce, in other words are immortal, whereas wild-type melanocytes
senesce within 4-5 weeks of culture.36 Inkda-Arf hemizygous melanocytes show defective
senescence unlike hemizygous mouse fibroblasts which senesce normally.

A study of human melanocytes from melanoma patients with two inactive INK4A alleles but
functional ARF showed that these have high rates of apoptosis, which are reduced when the
cells are grown in the presence of keratinocytes or keratinocyte-derived factors, human stem
cell factor and endothelin 1.37 With these growth factors the INK4A-deficient melanocytes
exhibit |mpa|red senescence (unlike INK4A-deficient human fibroblasts, which senesce
normally) 8 Levels of p53 and p21 are elevated in senescent INK4A-null melanocytes but not
in senescent normal melanocytes. hTERT is sufficient to immortalise these cells but not normal
human melanocytes. Gray-Schopfer et al. (2006) used gene transfer to confirm that in cultured
human melanocytes disruption of the INK4A/RB pathway and telomerase activation are
required for escape from senescence leading to immortalization.39 Together, these data show
that INK4A plays an important role in normal human melanocyte senescence, and raise the
possibility that in INK4A-deficient melanocytes p53 may contribute to a delayed form of
senescence that requires telomere shortening.37 However, it is worth noting that in relation to
melanoma progression, senescence in benign melanocytic nevi involves Ink4a but not p53 or
p21 upregulatron At the same time, expression of both Ink4a and p21 is lost in advanced
melanomas.39 Thus, a general impression has emerged that the INK4A/RB-dependent form of
senescence is especially important in human melanocytes. In comparison, fibroblasts (and
some other cell types) undergo senescence involving the ARF/p53 as well as the INK4A/RB
pathways. This difference may help to explain the special importance of INK4A mutations in
human melanoma.

Based on the senescence studies, a genetic model of primary melanoma progression has been
proposed 0;39 Benign nevi (moles) are clones of melanocytes which proliferate for some time
following an oncogenic mutation, and then stop proliferati 2 in Ink4a-dependent senescence.
They are considered to be potential precursors of melanoma. 41 The next stage of melanoma
progression is dysplastic nevi which represent escape from INK4A/RB senescence, or crisis
with chromosomal abnormalities.10 Activation of telomerase in dysplastic nevi could lead to
radial growth phase (RGP) melanoma, proposed to consist of immortal but keratinocyte-
dependent cells. The final stage of melanoma progression is called vertical growth phase
(VGP). It is suggested to be keratlnoca/te independent, invasive and to require mutation(s) in
a pathway(s) suppressing apoptosrs

In support of a portion of this genetic model, Michaloglou et al. recently showed that oncogenic
BRAF signalling could induce senescence, accompanied by expression of INK4A.

However, a further comparison between the pattern of expression of INK4A and the senescence
marker SA-B-gal revealed a marked mosaic induction of INK4A in human nevi, suggesting
that factors other than INK4A also contribute to the prevention of oncogenic BRAF-driven
proliferation, and therefore the induction of senescence. What then are the other factors that
could be involved in oncogene-induced senescence in nevi? Peeper and colleagues have very
recently demonstrated that oncogene-induced senescence is linked to mflammatlon
specifically with secretion of IL-6, as well as to INK4B upregulation (Cell, in press) 4A study
on senescence of mouse melanocytes showed that Arf-null melanocytes (with retention of
Inkda and Tp53) have a very high rate of cell proliferation and a complete lack of senescence,
raising the possibility that ARF is a key melanocyte senescence factor. 45 Interestingly, mouse
Ink4a-null melanocyte growth is impaired in the absence of keratlnocgtes or keratinocyte-
derived factors, similarly to that of human INK4A-null melanocytes while mouse Arf-null
melanocytes grow robustly in the absence of these factors, and completely fail to senesce. 49
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Until recently, the common view was that ARF, MDM2 and p53 act in a linear pathway (Fig.
2). However, it has been demonstrated that (i) ARF interacts with manX proteins other then
MDMZ2, including MYC, E2F1, NF«B and CtBP (reviewed by Sherr (|| Arf-null and
Tp53-null mice are not identical in the types of tumors they develop 147,48,48 and (iii) ARF
has p53-independent functions including ones in development, ribosome biosynthesis, DNA-
damage response, autophagy and apoptosis. 31 These recent findings suggest that ARF might
function in a p53-independent manner. This notion was supported in a recent study by Ha et
al., which dissected the role of p53 and its positive regulator ARF in the process of melanocyte
senescence.4° A genetically engineered mouse model was used to demonstrate that deficiency
in Arf, but not p53, facilitated rapid development of UV-inducible melanoma. This phenotypic
difference was accounted for, at least in part, by the surprising fact that unlike fibroblasts,
melanocyte senescence is strongly regulated by Arf, but less so by p53. Notably, Tyner et al.
found that transgenic mice that broadly express a hyperactive form of p53 exhibit accelerated
cellular aging in a variety of tissues but normal pigmentation in hair and skin, supporting the
notion that p53 has a subdued role in melanocyte senescence.#9 Ha et al. also showed that
activated N-RAS, a relatively common mutation in melanoma patients, collaborated with
deficiency in Arf in a p53-independent manner to fully transform melanocytes.45 It is worth
noting that an effect of p53 loss on melanocyte transformation was observed in these studies,
but only in melanocytes already deficient in Arf. Thus, it was concluded that Arf can act as a
melanoma tumor suppressor by inducing p53-independent senescence, and may in fact
facilitate oncogene-induced senescence; a comparison between the pattern of ARF expression
and senescence markers in nevi will be needed to further substantiate a role for ARF in human
melanocyte senescence. It is also worth noting that senescence is a highly complex process,
and a role for p53 in senescence in melanocytic cells cannot be excluded. In fact, recent
evidence from Maria Soengas shows that in human melanoma cell lines, blocking MDM2 or
the p53-MDM2 interaction, genetically or pharmacologically, can induce a senescent response
(personal communication).

These many studies suggest that ARF, INK4a and p53 have critical, non-overlapping functions
in melanocyte growth control and melanoma suppression. The relevance of the loss of ARF
function as a distinct event in melanoma is supported by several reports of ARF-specific,
INK4a-independent mutations in human tumors, as well as examples of ARF-specific promoter
methylation (reviewed by Chin et al. ) Polsky and colleagues have recently determined that
inactivation of ARF in melanoma, either through genetic or epigenetic mechanisms, is in fact
arelatively common event (JNCI, in press) 0 In contrast, although TP53 is the most frequently
mutated gene in human cancer, it is a relatively infrequent target in melanoma. 22;51;52 And
when mutant p53 factors are found, they often retain transactivation function. 53 Taken
together, recent human and mouse data support a significant, p53-independent role for ARF
in melanomagenesis. How then, does ARF regulate melanocyte senescence and suppress
melanomagenesis in a p53-independent fashion?

Ha et al.4> showed that E2F1 is regulated in melanocytes by functional ARF through
proteasomal degradation, as reported for other mouse and human cell types 54-56 ARF has
also been reported to inhibit the formation of active E2F1-DP1 transcriptional complexes. 57
Members of the E2F family are best known for their role in promoting cell cycle transition
from G1to S phase, but they also regulate apoptosis, DNA repair and differentiation (reviewed
by Johnson and Degregorl) Clearly, the E2F family is quite complex and their functions
context dependent; in fact, members can function as both oncogenes and tumor suppressors.
Interestingly, ARF itself has been reported to be both positively and negatively regulated by
different members of the E2F famlly 9-61 A recent study by Chang et al. examined the p53-
independent regulation of E2F1 by ARF from a different perspective.62 ARF was shown to
regulate transit through the cell cycle by directly disrupting MDM2-Rb interaction, blocking
proteasome-dependent Rb degradation, thereby preventing activation of E2F1. Accordingly,
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ablation of Rb was found to impair the ability of ARF to suppress proliferation, demonstrating
crosstalk between these two pathways. Although these data indicate a role for E2F family
members in ARF-mediated, p53-independent regulation of melanocyte senescence (Fig. 2),
the complexity of this process predicts that additional intriguing factors will emerge over time.

In closing it is important to emphasize that senescence appears to be regulated in melanocytes
in a manner that is, at least partially, distinct from other studied cell types. While differences
in mouse and human cell senescence are well documented,83 even when considering cells
derived from the same species p53 appears to have a prominent role in the senescence of
fibroblasts and a more limited role in melanocytes. Although the reason for this difference is
still unclear, it helps explain key observations concerning the relative infrequency of p53
mutations in human melanoma, and should be kept in mind when designing future anti-
melanoma theraé) . p53 is currently being considered as a therapeutic target for a variety of
cancer patients.®* Matheu et al. have shown that genetically engineered mice with an extra
gene dose of both Arf and Tp53 exhibit increased, cooperative protection against several tumor
types.65 Based on discussions in this review, therapy designed to restore p53 function alone
in melanoma cannot be expected to assuage all the oncogenic consequences of deficiency in
ARF, which may provide an effective therapeutic alternative, or one that could be used
successfully in combination with other agents against melanoma.
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Fig. 1.

Growing and senescent melanocytes. Growing Arf-deficient (A) and senescent wild-type (B)
melanocytes by bright field microscopy after staining for SA-p—gal. Blue indicates senescent
cells. C, D. Heterochromatin protein 1-y-positive senescence-associated heterochromatin foci.
Tp53-deficient melanocytes were infected with pBabe retrovirus containing Arf cDNA (D) or
an empty vector control (C). Cells were fixed 48 h after infection and incubated with anti-
HP1y antibody, followed by a secondary antibody conjugated with FITC, and then viewed with
a fluorescent microscope. Shown are green nuclei with more intensely stained green foci,
marking senescence. All images are at the same magnification. E. p16-deficient melanocytes
at the same passage level as in A and B by bright field microscopy (no SA-p—gal staining).
Portions of this figure are reproduced from Ref. 43, with permission.
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Fig. 2.
p53-independent action of Arf on melanocyte senescence. Shown are Ink4a/Rb and Arf/p53

pathways implicated in senescence, mostly derived from work with fibroblasts. In mouse
melanocytes Arf can promote the p53-independent degradation of E2F1. This, and perhaps
other mechanisms (indicated by question mark), could trigger senescence.
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