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Abstract

BACKGROUND: MITF encodes an oncogenic lineage-specific transcription factor in
which a germline mutation (MITFE318K) was identified in human patients predisposed to both
nevus formation and, among other tumor types, melanoma.

METHODS: Here, we used a newly generated Mitfe3:8 knock-in (K1) mouse model
and human melanocytes, from MITFE3!8K patients, to determine the role of the mutation in
vivo and to characterize the mechanisms underlying the oncogenic activity of MITFE38K,

RESULTS: Using proximity ligation assay, we demonstrate a decrease in endogenous
MITF SUMOylation, in melanocytes from patients with MITFE38K (mean of cells with
hypoSumoylated MITF, MITFE18K vs MITFWT, 94 vs 44 %, difference= 50, 95% CI 21.8 to
67.2, p=0.0039). The MitfE38K mice are slightly hypopigmented (mean melanin relative
content MitfVT vs MitfE318</* 1 vs 0.67, difference=-0.33, 95% ClI= -0.5 to -0.07, p= 0.0191)
and we provide genetic evidence that MitfE318< enhances BRafV®%E-induced nevus formation
in vivo (mean nevus number for MitfE318<: BRafVe%E vs MitfVT; BRaf'®%E 44 vs 68,
difference=24, 95% Cl= 9.1 to 38.9, p=0.0059). Importantly, although Mitf&3!8K js not
sufficient to cooperate with BRaf"®%E alone in promoting metastatic melanoma, it accelerates
tumor formation on a BRafV®%E; pten-deficient background (median survival for Mitf=318K vs
Mitf'T 42 vs 51 days, ratio=0.8, 95% CI of ratio= 0.3 to 2.0, p=0.0009). Transcriptome
analysis suggests a decrease in senescence in tumors from MITFE38€ mice. We confirmed
this hypothesis, by in vitro experiments, demonstrating that MitfE38K impairs the ability of
human melanocytes to undergo BRAFY®%E-induced senescence.

CONCLUSION: We characterized the functions of melanoma-associated MITFE318K
mutations. Our results demonstrate that MITFE318K reduces the program of senescence to

potentially favor melanoma progression in vivo.



MITFE3 K impairs cellular senescence

Microphthalmia-associated transcription factor (MITF) is a key transcription factor that plays
a pivotal role in melanocytes and melanoma development. MITF is also involved in the
implementation of the resistance to targeted- or immuno-therapy [1, 2]. Although the role of
MITF was a matter of debate a few years ago, it appears now that melanoma cells are able to
switch from a low-MITF to a high-MITF phenotype, thereby adapting to micro-environmental
conditions such as hypoxia, inflammation or drug treatments [3-5]. MITF is part of a
transcriptional program implemented by melanoma cells to switch from an
invasive/mesenchymal status to a differentiated/fast-growing phenotype [6]. MITF silencing
was also demonstrated to inhibit melanoma cell proliferation and to induce senescence [7, 8].

A few years ago, a germline variant of MITF (p.E318K) was reported to predispose
carriers to melanoma and kidney cancer [9, 10]. Using in vitro assays, we and others
demonstrated that this mutation impairs MITF SUMOylation and affects the transcriptional
activity of MITF. However, the mechanisms by which MITFE3!8K contributes to melanoma
progression remain uncharacterized.

Senescence, a state of stable cell cycle arrest, is a tumor suppressor mechanism that is
activated in response to oncogenic events (oncogene-induced senescence, OIS). One of the
best examples of senescence in vivo is human nevus, a benign proliferation of cutaneous
melanocytes and an early step in melanoma progression. Nevi frequently express oncogenic
BRAFV8%E and can remain growth arrested for decades due to OIS [11, 12], demonstrating
that senescence provides an efficient suppression of cell proliferation. Primary melanoma can
be viewed as a paradigm of senescence evasion, and the bypass of BRAFY®E.induced
senescence triggers melanoma progression [13, 14].

Here, we demonstrated that melanocytes isolated from patients harboring MITFE318K
display a decreased endogenous MITF SUMOylation status compared with healthy

melanocytes. We also generated a new knock-in (KI) mouse model that expresses endogenous
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MitfE318K  Although MitfE318K was not sufficient to trigger melanoma, it increased BRAF600E-
induced nevus formation. Moreover, Mitff318K accelerated melanoma progression in a
BRafV%%E and Pten-deficient background. Transcriptomic analysis of tumors indicates that
MitfE318K favored proliferation and altered the expression of key senescence players such as
CDKN2B and CDKN2A, suggesting that MitfE318€ might favor OIS evasion. In cultured
melanocytes, we demonstrated that hypo-SUMOylated MITF (MITFE318K) delays BRAFV600E.
induced OIS and its associated growth arrest. Collectively, our data provide new mechanistic
insights underlying the oncogenic role of the naturally occurring mutant of MITF, namely
MITFE8K and demonstrate that MITFE318K exerts its pro-melanoma effect by favoring

senescence bypass.
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Methods summary

Melanocytes were obtained from skin biopsies and were collected with participants' informed
signed consent. Cells were transduced with an empty or BRAFY®%E [entiviral particles.
Interactions between MITF and SUMO were detected by in situ proximity ligation assay
(Sigma). MitfE38* knock-in (KI) animals were generated at the Mouse Clinical Institute in
llikirch, France (http://www-mci.u-strasbg.fr). Animal experiments were performed at the
Animal Facilities of the C3M institute and the KU Leuven under the conditions established by
the European Community (Directive 86/609/CCE) and according to French and Belgian laws.
Gene expression arrays were performed by the Nice-Sophia Antipolis Genomics Platform.
Mean values of ratios and Benjamini-Hochberg adjusted p-values are shown. Senescence [3-
galactosidase staining was assessed according to manufacturer’s protocol (Ozyme). All
statistical tests were two-sided. We used the t test to calculate 95% ClIs on differences
between means and to obtain the P value (GraphPad Prism).

Full Methods and any associated references are available in the supplementary section.
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Results
Study of endogenous MITFE318K SUMOylation in patients’ melanocytes.

The MITF missense substitution p.E318K occurs in a consensus SUMOylation site.
Furthermore, after over-expression of MITF and SUMO, we and others demonstrated that the
mutation reduces MITF SUMOylation [9, 10]. However, these artifact conditions do not
confirm that endogenous MITF SUMOylation is indeed affected. To remove this doubt, we
used a proximity ligation assay (PLA) with anti-MITF and anti-SUMO antibodies.
Experiments in melanocytes isolated from patient harboring the MITFE318K mutation revealed
a dramatic decrease in the number of dots compared with melanocytes isolated from the skin
of healthy donors, reflecting MITF hypo-SUMOylation in MITFE38€ melanocytes (Figure
1A). Quantification of dots in 3 cultures of normal human melanocytes (NHM) and 4 cultures
of MITFE8K melanocytes demonstrated a significant increase in the number of cells
exhibiting a low level of MITF SUMOylation in the MITFE38€ melanocytes (mean 0-1 dot,
green background for MITFE38K vs MITFWT 94 vs 44 %, difference= 50, 95% CI 21.8 to
67.2, p=0.0039), whereas the number of NHM displaying between 2 to 4 or 5 to 9 dots was
markedly increased compared to MITFE318€ melanocytes (Figure 1B). Collectively, these
results indicate a global loss of MITF SUMOylation in the MITFE38K melanocytes.
Appropriate controls, including the use of anacardic acid, a SUMOylation inhibitor, or cells in
which wild-type or mutant MITFE318 was expressed, validated our approach (supplemental

Figures 1A-E).

Role of Mitf&3!8K in melanoma development in vivo
To establish the role of MITFE28K in melanoma occurrence in vivo, we generated a
new knock-in (KI) mouse model that expresses MitfE318< from its endogenous promoter

(supplemental Figures 2A-G). Noteworthy, heterozygous and homozygous MitfE318K mice are
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slightly hypopigmented, resulting in a subtle reduction in the color of the coat, ear, tail and
paws compared with control littermates. Fontana-Masson silver stain and melanin quantitation
confirmed that the level of melanization was decreased in ear and tail tissues from MitfE318</*
mice compared with control littermates (mean melanin relative content Mitf"T vs MitfE318K/+ 1
vs 0.67, difference=-0.33, 95% CI= -0.5 to -0.07, p= 0.0191) (Figures 2 A-B and
supplemental Figure 3).

The MitfE8K mutant mice also did not exhibit signs of nevi or melanoma development within
24 months of birth. Next, we generated Mitf=38<* mice in a Tyr::CreER™"; BRaf"*
background and analyzed melanoma development following topical application of 4-hydroxy-
tamoxifen on the back skin of adult mice. Compared with Mitf wild-type control littermates, a
significant increase in the number of nevi was observed in MitfE318<*: BRafV6%%E* mice (mean
nevus number for MitfE318K: BRafVe%%E ys MitfVT: BRafV®%%E 44 vs 68, difference=24, 95%
Cl= 9.1 to 38.9, p=0.0059) (Figure 2C and supplemental Figure 4A). Kaplan-Meier analysis
revealed no significant difference in the survival between MitfE318<* and wild-type Mitf mice
(Supplemental Figure 4B). In this mouse model, Mitf&3!8K did not decrease the median latency
of melanoma development nor its penetrance. Tumors from both groups were all
predominantly amelanotic and histologically comparable. The tumor cells displayed a spindle-
morphology and were only locally invasive (supplemental Figure 4C).

Then, we investigated whether MitfE38K might facilitate melanomagenesis on the BRafVe0&/+;
Pten-deficient background. After topical application of 4-hydroxy-tamoxifen on the back skin
of adult mice MitfE318K*: Tyr::CreER™"; BRaf*~*; Pten”" mice, melanoma development was
analyzed. Pigmented lesions developed earlier and more rapidly in the MitfE318</+;
BRafV6%%"*: pten”- mice compared with BRafV6€"*: Pten” control littermates (Figure 2D).
Tumors from both groups exhibited comparable histological features with a spindle

morphology as described above (supplemental Figure 4D). Importantly, MitfE318K/*:
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BRafVé%&*: pten”- mice displayed a decreased survival time compared with BRafV¢%°&*: pten-
" mice (median survival for Mitff8K vs MitfVT 42 vs 51 days, ratio=0.8, 95% CI of ratio=
0.3 t0 2.0, p=0.0009) (Figure 2E).

These data indicate that Mitf®38K favors melanoma progression on the BRafVé%E*: pten”-
background.

To better understand the mechanisms by which MitfE318€ favors melanoma
development, we profiled the transcriptomes of Mitf wild-type and MitfE318€ tumors.
Statistical analysis showed that 300 genes were differentially expressed between MitfE318</+;
BRafV6%"*: pten” and BRafVé%%c"*: Pten” tumors. In total, 131 genes were upregulated and
169 were downregulated. The list of top fifty up- and down-regulated genes is presented in
Supplemental Table 1. Among the top activated biological functions associated with the genes
differentially expressed, Ingenuity Pathway Analysis identified “Hematological System
development” (p-value range from 2.2E-3 to 1E-5) and the annotations included “quantity of
blood cells,” "quantity of leukocytes" and “quantity of B lymphocytes" with a Z score
between 1.66 and 2.48 (supplemental Table 2). Indeed, Cd79a and Cd79b, which are known
B cell markers, were among the most upregulated genes (supplemental Table 1), and 10 out of
14 regulated genes fitted with an increase in B lymphocyte infiltration (supplemental Figure
5). Our findings suggested an increase in B-cell infiltration in the MitfE318K+; BRafV600E/+;
Pten” tumors that might favor tumor progression in these mice.

Ingenuity Pathway Analysis also identified “G1 phase” (Z-score= -1,958, p-value=1E-3) and
“senescence of tumor cells” (Z-score= -1,6, p-value=1E-3) as top biological functions
inhibited in MitfE318K*: BRafV6%%E"*: pten’- tumors compared with BRafVe%%&’*; Pten” tumors.
Within the “senescence of tumor cells” pathway, the expression of 5 out of 6 genes in

MitfE318K/* BRafV60%E*: pten” tumors are consistent with an inhibition of senescence (Figure
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2F). Among them, the cyclin-dependent kinase inhibitors Cdkn2a (encoding both p16/Ink4A
and p19Arf) and Cdkn2b play key roles in melanocyte senescence [15].
These observations suggest that MITFE38K might exert its pro-melanoma effect

through an inhibition of oncogene-induced senescence.

Effect of MITFVT and MITFE38K in BRAFV6%E-induced senescence

To test this hypothesis, we used immortalized Mel-ST melanocytes as a model system. These
cells express undetectable levels of MITF [16], thus allowing direct comparison of
phenotypes induced by exogenous wild-type and mutant without interference with
endogenously expressed MITF. After transduction, Mel-ST melanocytes expressed
comparable levels of wild-type or mutant MITFE38K (Figure 3A). As expected, forced
BRAFV%E expression induced a robust stimulation of ERK phosphorylation in all conditions
(Figure 3A). BRAFV%%E stimulated SA-B-gal activity that was barely affected by forced
expression of MITFWT, while forced expression of MITFE3K almost completely prevented
the induction of SA-B-gal activity (Figure 3B). BRAFV®%E also decreased bromodeoxyuridine
(BrdU) incorporation in control (EV+EV vs EV+BRAFY®E 40 vs 13%, difference=-27, 95%
Cl -33.1 to -20.3, p=0.0009) and to a lesser extent in MITFWT cells (Mi"T+EV vs
MiWT+BRAFY®%E 40 vs 25%, difference=-15, 95% CI -26.8 to -4.6, p=0.0204), whereas
BRAFV®%E did not affect BrdU incorporation in cells with forced expression of MITFE318K
(Figure 3C). MITFE318K efficiently prevented the increase in SA-B-gal activity (Figure 3B)
and the decrease in BrdU incorporation (Figure 3C) caused by BRAFY°E Importantly, the
level of both cell cycle inhibitors p21 and p16 was reduced in MITFE8K compared with wild-
type MITF-expressing cells (Figure 3A). Consistent with these observations, expression of
MITFE3K put not MITF impaired BRAFV®%.increased cell size and granularity, two

additional senescence parameters (supplemental Figures 6A-B).
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Using melanocytes isolated from skin of healthy donors or patients with the MITFE318K
mutation, we confirmed that MITFE8K impaired oncogene-induced senescence. Indeed,
forced expression of BRAFY®E in both wild-type MITF and MITFE8 melanocytes
promoted activation of ERK (Figure 3D). BRAFV®E induced SA-BGal staining in two
different wild-type MITF melanocyte cultures (HM1-Mi%VT + EV vs HM1-MiVT + BRAFV600E
10 vs 46%, difference=36, 95% Cl= 15.1 to 56.7, p=0.0087 and HM2-Mi"'T + EV vs HM2-
MiWT + BRAFVEE 8 vs 65%, difference= 57, 95% CI=22.2 to 91.0, p= 0.0102) but not in two
different MITFE318€ melanocyte cultures (Figures 3E-F). However, MITFE38K melanocytes
do undergo senescence upon forced expression of BRAFY8%E when cultured for a longer
period time (not shown). It should be noted that MITFE318K melanocyte cultures display a
decreased doubling time compared with MITFYT melanocytes (57 hours versus 67 hours)
(supplemental Figure 6C).

One may wonder why MITFE38K can exert its anti-senescence effect in Mel-ST and
human melanocytes, which are not supposed to have a constitutive activation of the PI3K
pathway, in contrast to the mouse model. However, when assessing AKT activation in Mel-
ST and in human melanocytes in our culture medium, we observed a basal phosphorylation of
AKT, indicating an activation of the PI3K pathway (supplemental Figures 6D-E). Therefore,
in cultured cells, MITFE® might also cooperate with PI3K to prevent senescence. In
conclusion, these findings demonstrate that the naturally occurring MITFE38€ mutant severely

impairs oncogene-induced senescence.

Discussion
SUMOylation is difficult to investigate given the dynamic and labile nature of this process.
Forced expression of both the SUMO machinery and the target has been widely used to

efficiently detect the SUMO-modified proteins, yet it may generate some unspecific SUMO

11
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conjugation. Detecting endogenous SUMOylation remains a challenge. Here, using PLA, we
demonstrated for the first time the endogenous hypo-SUMOylated status of MITFE318K,

To establish the link between the MITFE318€ melanoma-susceptibility genes and pathogenesis
mechanisms, we also constructed a new mouse model harboring the endogenous MITFE318K
point mutation. In this model, we observed pigmentation lightening. Additionally, upon
BRafVe%%E* expression, our results reveal an increase in nevus count. Both observations were
consistent with the phenotypes described in MITFE318K heterozygous patients [10, 17]. These
data suggest that melanocytes expressing both BRAFY®E and MITFE38K can proliferate
longer before entering senescence. This finding is reminiscence of patients with biallelic
inactivation of the cell cycle inhibitor CDKN2A, which results in enhanced cell proliferation,
who display an increased number of nevi [18]. The decrease in pigmentation might be
ascribed to impairment of the differentiation process.

MitfE318K affects melanoma development in the BRAFY®%E*:Pten” mice background but not
in a BRAFY®%E only background. This finding suggests that MITFE318K should cooperate with
the PI3K pathway to overcome senescence.

Activation of the PI3K pathway was thought to fully overcome BRAFY®E.induced
senescence [14, 19]. However, stabilized B-catenin, which can act as an anti-senescence
effect, accelerates melanoma progression in BRAFV6%E"*:pten” mice [20, 21]. MITFE3EK
which accelerates melanoma progression in BRAFY%*:pten”" mice, might also exert an
anti-senescence effect in vivo.

Transcriptome analysis of wild-type or MitfF¥* tumors in the BRafVé%%F*:pPten”
background suggests that MitfE318€ might prevent senescence and favor cell proliferation.
This hypothesis has been confirmed in cultured cells as we demonstrated that MitfE318K
inhibits BRafV8%E-induced senescence. This observation appears at odds with mice results

indicating that MITFE318 requires PI3K activation to exert its pro-melanoma effect. However,

12
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in cultured cells, despite the absence of an activating mutation in the PI3K pathway, we
observed a basal activation of AKT that might strengthen the anti-senescence effect of
M|TFE138K.

Among the genes differentially regulated in these tumors, none are MITF or MITFE38K
targets. Noteworthy, transcriptomic analysis in cultured melanoma cells did not allow us to
identify specific MITFE38€ targets (unpublished data); however, we and others have
demonstrated an increase in the transcriptional activity of MITFE328K [9, 10]. Thus, we were
unable to find the appropriate window to identify the MITFE28K targets or MITFE18K might
induce a weak effect on a large set of genes that cannot pass the statistical threshold. This is
not surprising given that MITFEL8K js not strongly oncogenic but rather a medium penetrance
susceptibility allele. Furthermore, this finding is consistent with our ChIP-seq experiments
demonstrating that MITFE318K is redistributed over the genome on a larger repertoire of low
affinity genomic sequence compared to wild-type MITF [9].

SUMOylation could induce a conformational change of MITF and impact the MITF
interaction with its partner proteins. In addition, SUMO creates specific interactions with
proteins containing SUMO-interacting motifs (SIMs) through a non-covalent bound.
Therefore, the MITFE38K mutation will severely impair theses interactions. Interestingly, the
related family members TFE3 and TFEB [22, 23] are among the known MITF interactors.
This interaction with MITF might be affected by the E318K mutation. Although the
functional roles of MITF-TFE heterodimers in melanoma remain to be elucidated, it should be
noted that TFE3 and TFEB are involved in kidney cancer [24], the incidence of which is also
increased in carriers of the MITFE38K mutation. Additionally, MITF interacts with the
chromatin remodeler BRG1 [22, 25]; thus, MITF could impact chromatin organization and
global transcriptional regulation. Again, the MITFE8K mutation and the resulting

SUMOylation alteration might affect the MITF interaction with BRG1, leading to the

13
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modification of the MITF target gene repertoire. This hypothesis is strengthened by the
identification of a potential SUMO-interacting motif in BRG1 (GPS-SUMO,
http://sumosp.biocuckoo.org/). However, only a small proportion of the available proteins
typically needs to be SUMOylated to achieve a biological effect [26]. Because of this process,
referred to as the “SUMO enigma,” it has not been possible to identify such SUMO-
dependent MITF interactors to date.

In conclusion, genetic-association studies have been widely used in the search for cancer-
susceptibility genetic variants, but few studies have established the link between these
variants and the pathogenesis mechanisms. This approach should allow important insights
into the pathways of tumor development and might ultimately lead to more effective
individually targeted cancer-prevention strategies. Here, we characterized the alterations of
MITF functions caused by the p.E318K mutation. Our results demonstrate that MITFE318K
impaired the implementation of the senescence program and thus potentially favors melanoma

progression.
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Figure Legends

Figure 1. Endogenous MITFE318K exhibits a hypo-SUMOylated status. (A) MITF-SUMO
interactions detected by PLA in normal human melanocytes isolated from the skin of three
different MITF wild-type donors (HM-Mi"T) or from four different patients carrying the
MITFE38K mutation (HM-MiE18K)_ (B) Automatic quantification of the image data from 100
cells per patient was performed with the BlobFinder software. The graph presents the number

of 0-1 dots; 2-4 dots or 5-9 dots /nuclei (abscissa) and frequency of cells (ordinates) with
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dots/nuclei. The green box highlights the increase proportion of MITF-E318K cells with 0-1

dots/nuclei compared with MITF-"T cells.

Figure 2. MitfE38 induces pigmentation lightening, increases nevus number in
cooperation with BRafV®%®* and enhances melanomagenesis in the BRafV6%%&+/pten-
background. (A) H&E and Fontana-Masson staining of tail sections of 10-month-old mice
with the indicated genotypes. Magnification 200x. (B) Melanin content determined from skin
ear of 10-month-old mice with the indicated genotypes. Results are expressed as relative
melanin content compared to MitfWT mice. Experiments were performed in triplicate. (C)
The number of nevi was determined by counting three different areas (representing almost the
whole back) of mice (n=5) aged between 25 and 29 days after 4-hydroxy-tamoxifen (4-OHT)
application (D) Tumor phenotype after localized application of 4-OHT at the adult stage.
Representative time-lapse photographs are presented. (E) Kaplan-Meier survival plot of
MitfE318K (n=12) or wild-type Mitf (n=8) littermates after localized induction in the
BRafV6%E"*: pten’- background. p value (log-rank Mantel-Cox test) is indicated. (F) Circular
network showing the genes differentially regulated between MitfVT and MitfE38K and
associated with senescence. The regulation of five out of six genes is consistent with an
inhibition of “senescence in tumor cells” (blue dotted lines). The genes upregulated in
MitfE318K tumors are noted in red, and genes that are downregulated are noted in green. The
yellow line indicates that the finding underlying the relationship is inconsistent with the state

of the downstream node based on existing literature data.

Figure 3. MITFE38K impairs oncogene-induced senescence in melanocyte cells. (A) Mel-

ST melanocytes were transduced with control (EV) or BRAFY®E [entiviral particles and an

empty adenovirus (EV) or adenoviruses encoding either myc-tagged MITF wild-type (MiVT)
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or myc-tagged MITFE38K for three weeks and were subjected to immunoblot analysis with the
indicated antibodies. (B) Same as (A) but senescence was analyzed by histochemistry to
determine the level of 3-galactosidase activity measured at pH 6.0. Representative images of
senescent cells are shown. (C) Same as (A) but examined for BrdU incorporation. Values
represent the mean + SD. (D) Immunoblot analysis of human melanocytes from two healthy
individuals (HM1-Mi"T, HM2-Mi"T) or from two different patients carrying the MITFE318K
mutation (HM1-MiE38K  HM2-MiE38) who were transduced with control (EV) or
BRAFV%E |entiviral particles for 15 days. (E) Melanocytes were treated as described in (D)
and stained for SA-BGal activity. Representative images of senescent cells are presented. (F)

Quantification of SA-BGal staining.
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