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SUMMARY
The activation of oncogenes in primary cells blocks proliferation by inducing oncogeneinduced senescence (OIS), a highly potent in vivo tumor-suppressing program. A prime
example is mutant BRAF, which drives OIS in melanocytic nevi. Progression to melanoma
occurs only in the context of additional alteration(s) like the suppression of PTEN, which
abrogates OIS. Here, we performed a near-genomewide short hairpin (sh)RNA screen for
novel OIS regulators and identified by next generation sequencing and functional validation
seven genes. While all but one were upregulated in OIS, their depletion abrogated
BRAFV600E-induced arrest. With genome-wide DNA methylation analysis we found one of
these genes, RASEF, to be hypermethylated in primary cutaneous melanomas compared
to nevi. Bypass of OIS by depletion of RASEF was associated with suppression of several
senescence biomarkers including senescence-associated (SA)-β-galactosidase activity,
interleukins and tumor suppressor p15INK4B. Restoration of RASEF expression inhibited
proliferation. These results illustrate the power of shRNA OIS bypass screens and identify
a potential novel melanoma suppressor gene.
SIGNIFICANCE
This study describes an unbiased screening approach to identify novel melanoma
susceptibility genes. We found seven novel genes contributing to oncogene-induced
senescence, a critical cellular program preventing malignant transformation. By genomewide promoter methylation analysis we find that one of the genes, RASEF, is hypermethylated
in melanomas when compared to senescent nevi. In agreement with a tumor suppressive
role of RASEF, its restored expression in BRAFV600E-mutant melanoma acted cytostatically.
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These results illustrate the versatility of oncogenomic screening approaches to identify
novel candidate tumor suppressors in melanoma.
INTRODUCTION
Several tumor-suppressive mechanisms have evolved to prevent malignant transformation
including self-destructive programs such as apoptosis1 and autophagy2. Work in recent
years has uncovered that cells at risk for oncogenic transformation can embark on another
strategy: in response to obstinate stress signals they activate signaling networks comprising
several potent tumor suppressor proteins. In this way, a system is established enacting a
dominant break that actively halts cell proliferation. This type of cell cycle arrest, termed
Oncogene-Induced Senescence (OIS), can be maintained even in the context of persistent
oncogenic cues3. In recent years a large body of compelling evidence has shown that OIS
acts as a pathophysiologic mechanism suppressing cancer in model systems and humans
alike. Indeed, senescence biomarkers have been reported for a plethora of precancerous
lesions including pulmonary adenomas, prostate intraepithelial neoplasia, and mammary
tumors4.
Cellular senescence denotes a state of virtually irreversible withdrawal of cells from the
proliferative pool. While we have come to realize that its onset can be triggered by a
plethora of stress-related signals, it was first recognized in cultured human diploid fibroblasts
following explantation and in vitro culturing. With every division telomeres get progressively
shorter, causing cells to hit their “Hayflick limit” at the end of their replicative lifespan5.
Such replicative senescence has correlates in the context of other stress signals, most
notably the activation of oncogenes or loss of tumor suppressor alleles. As the latter occurs
independently of telomere malfunction, it is referred to as premature cellular senescence3.
Next to long-term cell cycle arrest, which is the central characteristic of senescent cells, OIS
is characterized by the activation of tumor suppressor pathways including -but not restricted
to- those constituted by p16INK4A-RB and ARF-p536-8. Conversely, cell-cycle progression factors
such as cyclins A and B and PCNA are inhibited3.
OIS is accompanied also by morphological changes, induction of senescence-associated
β-galactosidase activity (SA-β-Gal)9 and chromatin condensation into senescence-associated
heterochromatin foci (SAHF)10,11.
Another characteristic of cells undergoing OIS is the activation of an inflammationassociated secretory program called Senescence-Messaging Secretome (SMS) as we and
others have shown12-14 or Senescence-Associated Secretory Phenotype (SASP), the latter
of which is associated with a DNA damage response15,16. The physiologic relevance of the
inflammatory phenotype is reflected by the production of a number of interleukins and
chemokines in senescent cells in benign murine and human neoplasms17. But secreted
senescence-associated factors also limit tissue damage18 and correlate with premature
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aging19. Yet another function of SMS factors is to activate the innate immune system, setting
up incipient cancer cells for their own eventual demise20. Further supporting a cell nonautonomous role for senescence, it was recently shown that this program can be brought
about also in a paracrine fashion21.
Lately, we and others have discovered functional connections between the cellular
metabolism and OIS. Aird et al., have demonstrated that stable growth arrest in OIS is
established and maintained through suppression of nucleotide metabolism22. Others
have highlighted the importance of malic enzyme activity in OIS23. Recently, we identified
mitochondrial gatekeeper pyruvate dehydrogenase (PDH) as an enzyme critically contributing
to OIS24. In OIS, PDH is activated upon downregulation of its inhibitory kinase PDK1 and
simultaneous upregulation of PDH-activating phosphatase PDP2. Normalization of the levels
of these enzymes inactivates PDH resulting in abrogation of OIS. Translating these findings to
a clinical context, we demonstrated that PDK1 depletion eradicates established melanomas,
highlighting this metabolic enzyme as a potentially attractive therapeutic metabolic cancer
target.
The benign melanocytic nevus was the first human lesion for which evidence was shown
in favor of the idea that OIS prevents malignant progression25,26. Three years prior to that,
BRAFV600E was identified as a common mutation in melanoma and other cancer types27.
Remarkably, in spite of the presence of oncogenic mutations in the BRAF (or, in some
cases, NRAS) gene28, nevi are typically associated with an exceedingly low proliferative
activity. However, while this proliferative arrest can be maintained for decades29, several
studies provide genetic evidence that a fraction of nevi still progresses to melanoma30-32.
As a BRAFV600E mutation alone is insufficient to drive melanomagenesis, nevi must acquire
additional genetic and/or epigenetic alterations to evade growth restraints and become
malignant. Several genetic events frequently occurring in melanoma have been described,
including the loss of CDKN2A and ARF, amplification of CCND1 or CDK4 33,34, alterations in
MMP8, GRM3, ERBB4, GRIN2A, MITF 35-40 and activation of the PI3K pathway41. We have
demonstrated previously that the latter event, for example by reduction of the expression
levels of PTEN, reflects a rate-limiting step in OIS abrogation on the path to oncogenic
transformation42. Moreover, recent exome and whole genome sequencing studies reported
melanoma frequently mutated genes including RAC1 and PREX2 43-45. In addition to genetic
alterations tumor suppressor genes can be inactivated by epigenetic means. Promoter
hypermethylation has emerged as an important epigenetic mechanism responsible for
transcriptional repression of a multitude of genes in human cancer cells. In melanoma
several established tumor suppressor genes have been shown to be inactivated secondary
to promoter hypermethylation, including CDH1, RASSF1A and SERPINB546. Although the role
of some of the above-mentioned genes affected by mutation or promoter hypermethylation
in melanoma has been demonstrated, the mechanistic relationship with OIS is unclear for

most. Hence, the molecular mechanism and the identity of the factors underlying malignant
transformation in relation to OIS and OIS bypass are largely unknown. Therefore, we set
out to perform a near-genomewide (sh)RNA screen for novel OIS factors. Such genes
would be predicted to function as tumor suppressor genes in tumor cells expressing an
activated oncogene, with PTEN serving as a prime example47,48. We have recently performed
a genome-wide analysis of promoter methylation in primary melanoma and benign nevus
and identified a large number of genes, including several tumor suppressor genes, to be
hypermethylated in melanoma49. Here, we have integrated the data from both RNAi
screening and methylation analyses.
RESULTS
Near-genomewide shRNA screen identifies genes required for BRAFV600E-induced
senescence
In order to identify factors required for BRAFV600E to induce senescence, we performed a
function-based knockdown screen for genes that can rescue this type of cell cycle arrest
(Figure 1a). Human diploid fibroblasts (HDFs) were transduced with a near-genomewide
lentiviral shRNA library targeting 15.000 human genes, organized in 10 pools with some five
shRNAs per gene target. Transduction was performed at a multiplicity of infection (MOI)
of 0.5 to ensure that only a single shRNA integrated per cell. The number of cells used
for transduction was calculated to obtain minimum coverage of 10. After pharmacological
selection, cells were transduced with BRAFV600E-encoding retrovirus. While cells containing
empty vector control underwent cell cycle arrest as expected, cells that contained shRNAs
abrogating BRAFV600E-induced senescence kept growing and formed colonies. These colonies
were subsequently picked individually, expanded and their genomic DNA was isolated. To
identify hits, gDNAs isolated from individual colonies derived from independent shRNA
pools were grouped and received a unique index. shRNAs were re-amplified and analyzed
by deep sequencing. If a particular shRNA gave rise to more than one colony, it would be
present in more than one group.
Candidates for validation were selected based on two criteria: 1) the presence of at least 2
shRNAs targeting the same gene to exclude off-target effects, 2) the extent of senescence
abrogation: only shRNAs identified in independent colonies were further analyzed (Table S1.)
On the basis of these criteria, shRNAs targeting 40 genes were re-evaluated, one by one, for
their ability to abrogate BRAFV600E-induced cell cycle arrest. Seven genes (UBE2V1, NMRAL1,
PCDHGA10, SLC1A4, WT1, GEMIN6, RASEF) could be validated in multiple rounds with two
shRNAs in cell proliferation assays (Figure 1b) and BrdU incorporation assays (Figure 1c).
We next tested whether the identified shRNAs were on-target, i.e., whether they deplete
the gene of interest. Quantitative real-time (qRT) PCR analysis confirmed that in all cases
the expression of the target gene was decreased (Figure 1 d-j). We previously demonstrated
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Figure 1. Near-genomewide shRNA screen identifies genes required for BRAF
-induced senescence
a. Schematic summary of near-genomewide shRNA screen for genes required for BRAFV600E–induced
senescence. b. Cell proliferation assay on HDFs transduced with vector control or shRNA targeting candidate
genes identified in the screen. Cells were fixed and stained 11 days after exposure to BRAFV600E. shRNA
targeting IGFR2 was used as a positive control (Kuilman et al., unpublished data). c. BrdU incorporation
of samples described in b., measured 9 days after exposure to BRAFV600E. Levels are represented as mean
of three independent validation rounds. Error bars represent SD. Significance was determined by oneway ANOVA comparing OIS cells with cells depleted of the indicated target gene. d-j. Regulation of gene
transcripts of the samples described in b. as determined by qRT-PCR. Measurements are standardized to the
vector-expressing cells. Error bars represent SD from triplicate qRT-PCRs.
V600E
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that OIS genes are commonly induced by the oncogenic stressor, for example interleukins13.
Consistent with this notion, the expression of all genes but SLC1A4 was induced in senescent
cells. Taken together, this near-genomewide function-based shRNA screen identified seven
genes crucial for BRAFV600E-induced cell cycle arrest.
RASEF is a new OIS gene
Out of the seven genes identified in the screen, the expression of RAS and EF-hand domain
containing (RASEF) transcript, also known as RAB45, was induced by BRAFV600E to the highest
extent (Figure 1j). Additionally, the RASEF locus was previously shown to be associated with
predisposition to hereditary melanoma50 and epigenetically regulated in uveal melanoma51.
In the light of those observations, and because BRAFV600E-induced senescence prevents nevi
from progressing to melanoma26, we studied the role of RASEF in OIS and OIS abrogation in
more detail.
For this, with the use of additional shRNA, we confirmed that RASEF depletion (Figure 2a)
abrogates BRAFV600E–induced cell cycle arrest as determined by cell proliferation (Figure
2b) and BrdU incorporation assays (Figure 2c). The abrogation of cell cycle arrest was seen
already at day 10 after introduction of BRAFV600E (around the day when senescence is fully
established) and was maintained up to at least 18 days (Figure 2b). Importantly, this could
not be explained by loss of BRAFV600E expression or loss of activation of downstream MEK/
ERK signaling (Figure 2d). The rescue of proliferation by RASEF knockdown was associated
with restoration of expression of the DNA replication-associated protein PCNA (Figure 2d).
Moreover, RASEF depletion resulted in a profound suppression of other common senescenceassociated biomarkers SA-β-Gal activity (Figure 2e), expression of the senescence-associated
p15INK4B tumor suppressor (Figure 2d) and the number of SAHF-positive cells (Figure 2f).
Whereas RB as expected accumulated in its hypophosphorylated form in BRAFV600E senescent
cells, RASEF depletion reversed its phosphorylation status (Figure S1), suggesting cross talk
between RASEF and RB signaling. In contrast, p53 expression levels remained unaffected.
Notably RASEF depletion also led to a marked reduction in IL6 and IL8 transcript levels,
typical of OIS cells (Figure 2g). We have previously identified C/EBPβ to be a critical mediator
in the interleukin pathway leading to OIS13. Indeed, while the C/EBPβ transcript was highly
induced in OIS, this was significantly reduced upon RASEF silencing (Figure 2h). From these
findings, we conclude that RASEF is a new and essential component of OIS.
RASEF is hypermethylated in melanoma
Recently, we reported a genome-wide analysis of promoter hypermethylation in primary
cutaneous melanomas and benign nevi, interrogating the methylation status of 14.495
genes49. The identification in the present study of seven genes required for BRAFV600E-induced
senescence prompted us to examine whether any of these genes is epigenetically silenced
in melanoma harboring a mutant BRAF gene. We reanalyzed the epigenomic profiling data
taking into account the BRAF mutation status of the melanoma and nevus samples. From
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the samples subjected to genome-wide methylation analyses, all five nevi and five out
of 24 melanomas harbored a BRAFV600E mutation, while two had a BRAFV600K mutation. It
appeared that, out of the seven genes identified in the shRNA screen, only the RASEF gene
was found to be differentially methylated in nevi and melanomas. In fact, RASEF was among
the 16 most frequently hypermethylated genes in BRAF-mutant melanomas, whereas its
methylation was absent from nevi. Comparative analysis pointed to hypermethylation in
four of seven BRAF-mutant melanomas with an average β-value difference (a measure of
differential methylation) of 0.32 (Figure 3a).
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Figure 2. RASEF is a new OIS gene
a. Regulation of RASEF transcript in HDFs expressing vector control or nonoverlapping shRNAs targeting
RASEF in the presence and absence of oncogenic BRAFV600E. Level of expression is determined by qRT-PCR.
Measurements are based on three independent experiments and standardized to the vector-expressing
senescent cells. Error bars represent SD. b. Cell proliferation assay on samples from a. Cells were fixed and
stained 13 days after exposure to BRAFV600E. c. BrdU incorporation of samples described in a., measured 9
days after infection with BRAFV600E-encoding retrovirus. Levels are represented as mean of at least three
independent experiments. Error bars represent SD. d. Samples from a. were analyzed by immunoblotting
with antibodies as indicated. Hsp90 serves as loading control. e. Representative images of SA-β-galactosidase
staining for the cells described in a. Quantification of SA-β-galactosidase positive cells was performed on
three independent experiments, with SD. f. Representative images of DAPI staining for the cells described
in a. Quantification of SAHF positive cells was performed on two independent experiments, with SD from
triplicate. g-h. Regulation of IL6 and IL8 (g) and C/EBPβ (h) transcripts of the samples described in a., as
determined by qRT-PCR. Measurements are based on three independent experiments and standardized to
the BRAFV600E-expressing senescent cells. Error bars represent SD.

We proceeded with the validation of RASEF promoter hypermethylation in a panel of 76
primary melanoma and 15 nevus biopsy specimens using bisulphite melting curve analysis
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(BMCA). In 16 of 76 melanoma samples (21%) the RASEF promoter was hypermethylated,
whereas none of the 15 nevi showed methylation (Figure 3b). Bisulphite sequencing analysis
(BSA) of five nevi, three primary melanomas and two early-passage melanoma cell lines
further confirmed dense RASEF hypermethylation in the primary tumors and melanoma cell
lines, against a general absence of RASEF methylation in the nevi (Figure 3c).
To further assess whether an association exists between RASEF promoter methylation
and BRAF mutation in melanoma, we performed mutation analysis of BRAF and NRAS on
a subset of 24 primary melanomas. In four of these, RASEF was methylated; this included
one melanoma with a BRAF mutation, no melanoma with NRAS mutation and three not
harboring mutations in these melanoma oncogenes (Table S2). This result shows that RASEF
methylation is not confined to melanomas that carry a BRAF mutation.
Next we assessed the correlation between RASEF promoter methylation and transcript
abundance in a panel of melanoma cell lines. In addition we analyzed whether a relationship
exists between RASEF silencing, MAP kinase pathway activation and the RB pathway. RASEF
transcript expression was very low to undetectable in the six melanoma cell lines with
promoter hypermethylation, whereas significantly higher RASEF expression was present in
several cell lines with absent RASEF promoter methylation (Figure 3d, Figure S2). RASEF
expression levels neither correlated with MAP kinase pathway activation (as judged by lack
of differences in ERK and MEK phosphorylation; Figure S3), nor with RB phosphorylation
(Figure S4).
Treatment with 5-aza-2’-deoxycytidine of two different cell lines derived from melanoma
metastases, both positive for RASEF promoter methylation, resulted in re-activation of
RASEF gene expression with an induction of 7-fold and 3.5-fold in the cell lines 634 and
06.24 respectively (Figure 3e), suggesting that promoter methylation of RASEF is correlated
with transcriptional silencing. Collectively, these results demonstrate that hypermethylation
of the RASEF gene affects 21% of primary cutaneous melanomas.
RASEF acts as potential tumor suppressor
The essential role of RASEF in OIS, together with data on its differential methylation in
nevi and melanomas, would be consistent with a tumor-suppressive role for RASEF. This
hypothesis would predict that restoration of RASEF expression in cells in which the gene
has been silenced by methylation acts cytostatically. Therefore, we re-expressed RASEF in
two BRAFV600E-mutant melanoma cell lines (04.04 and A875) with a hypermethylated RASEF
promoter and very low RASEF mRNA expression (Figure 3d). We ectopically expressed V5tagged RASEF (Figure 4a) and analyzed the effect on cell proliferation and survival. In both
cell lines, this resulted in induction of cell cycle arrest as measured by cell proliferation
and BrdU-incorporation assay (Figure 4b, c). This was associated with a decrease in the
steady state levels of PCNA and induction in the levels of the senescence-associated protein
p21Cip1 (Figure 4a). We could not detect p15INK4B protein in these cell lines, possibly owing to
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a deletion of the locus, which is commonly seen in melanoma. The RASEF-induced cell cycle
arrest was not associated with cell death (Figure 4d, e). Melanoma cell lines in which RASEF
was methylated were more prone to halt cell cycle progression upon its re-introduction than
were the RASEF-proficient cells (Figure S5). These observations together are compatible
with a model in which RASEF has a tumor suppressor function.
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Figure 3. RASEF is hypermethylated in melanoma
a. Hypermethylation of the RASEF promoter in BRAF-mutant primary melanoma samples as measured by
Infinium’s 27K genome-wide beadchip assay. Normalized average β-values represent extent of methylation
of probe cg10319505 for 5 BRAF-mutant nevi and 7 BRAF-mutant primary melanoma samples. b. RASEF
promoter methylation status by bisulphite melting curve analysis of the indicated RASEF CpG island region
performed in 15 benign nevi and 76 primary melanoma biopsy samples. c. RASEF promoter methylation
analysis by bisulphite sequencing of the indicated CpG dinucleotides in 5 benign nevi, 3 primary melanomas
and 2 early-passage melanoma cell lines. d. RASEF mRNA expression levels in early-passage melanoma cell
lines with known RASEF promoter methylation status as determined by qRT- PCR. Error bars represent SD
from triplicate qRT-PCRs e. Re-activation of RASEF mRNA expression upon 5-aza-2’-deoxytidine treatment in
early-passage melanoma cell lines 634 and 06.24 with pre-existent RASEF methylation. Measurements are
representative for treatment experiments performed in duplicate, SD from triplicate qRT-PCRs.

RASEF contributes to BRAFV600E-induced senescence in melanocytes
We identified and subsequently validated RASEF in a function-based screen for genes that
are required for OIS in a model system, cultured human diploid fibroblasts (Figure 1, 2). The
results above indicate that this gene is frequently silenced in melanoma (Figure 3). Together,
these data predict that RASEF plays an important role also in melanocytes, in the context
of OIS. We therefore validated the key results obtained in fibroblasts in cultured human
melanocytes. Indeed, RASEF depletion in BRAFV600E-expressing melanocytes caused an almost
five-fold induction of cell proliferation, as measured by BrdU incorporation assay (Figure 5ab), similar to what we previously reported for PTEN 42. This was associated with a drop in
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several senescence biomarkers, particularly IL6 and IL8, as well as C/EBPβ transcripts (Figure
5c-e). We conclude from these results that RASEF is a candidate melanoma susceptibility
gene that acts, at least in part, by contributing to OIS.
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Figure 4. RASEF acts as potential tumor
suppressor
a. Immunoblotting analysis of two
indicated melanoma cell lines expressing
eGFP as control or RASEF. Hsp90 serves
as loading control. b. Cell proliferation
assay on samples from a. Cells were
fixed and stained 12 days after exposure
to RASEF. c. BrdU incorporation of
samples described in a., measured 16
days after infection with RASEF-encoding
lentivirus. Levels are represented as
mean of at least three independent
experiments. Error bars represent SD. d.
Representative phase contrast images
for the cells described in a. e. Cell
death induction of cells described in a.
as measured by trypan blue exclusion
assay. Results represent mean of at least
three independent experiments. Error
bars represent SD.
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Figure 5. RASEF contributes to BRAFV600E-induced senescence in melanocytes
a. BrdU incorporation in cultured human melanocytes expressing vector control or shRNA targeting
RASEF in the presence and absence of oncogenic BRAFV600E. shRNA targeting PTEN was used as a positive
control. Measurement was performed 15 days after infection with BRAFV600E-encoding lentivirus. Levels
are represented as mean of two independent experiments with SD from triplicate. b. Regulation of
RASEF transcript in samples described in a., as determined by qRT-PCR. Measurements are based on two
independent experiments and standardized to the vector-expressing senescent cells. Error bars represent SD
from triplicate qRT-PCRs. c-e. Regulation of IL6 (c), IL8 (d) and C/EBPβ (e) transcripts in samples described in
a., as determined by qRT-PCR. Measurements are based on two independent experiments and standardized
to the BRAFV600E-expressing senescent cells. Error bars represent SD from triplicate qRT-PCRs.

DISCUSSION
Over the last decade, OIS has been established as a safeguard program protecting against
cancer. However, we have only begun to dissect the underlying mechanism. There is ample
evidence to argue that genes critically required for OIS are endowed with tumor suppressor
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functions, with p16INKA, p15INK4B, p53 and PTEN serving as a paradigms6,42. In this study, we
performed a near-genomewide shRNA screen to uncover novel factors essential for BRAFV600E
to induce senescence. We identified seven genes, one of which we characterized in more
detail, because we found it was frequently methylated in melanomas. RASEF depletion
prevented the induction of senescence by BRAFV600E both in fibroblasts and melanocytes.
This was accompanied by the suppression of several biomarkers of senescence including
SA-β-Gal activity, expression of p15 tumor suppressor protein and SAHF. Furthermore,
RASEF depletion reversed the increase in components of the SMS/SASP, which represent
key factors for the induction of senescence-associated cell-cycle arrest13.
Function-based screens for mediators of OIS have been performed previously, too, in several
different experimental settings and with gain-of-function libraries as well as loss-of-function
libraries14,52-55. The latter study was done in the context of BRAFV600E-induced senescence; we
found an overlap of two genes, BUB1 and NF2. Moreover, we identified two genes with an
established function in OIS, that is, TSC22 and IL6R (albeit with single shRNAs in the primary
screen)13,56. These results show that the current screens are not saturating, and that multiple
approaches ought to be used to draw a complete map of critical OIS regulators.
None of the seven genes identified in our screen has been previously studied in the context
of BRAFV600E-induced senescence. Depletion of RASEF suppressed the expression of IL6,
IL8 transcripts via downregulating C/EBPβ, a key controller of the SMS/SASP contributing
to OIS13. It will be interesting to determine the relationship between C/EBPβ and RASEF.
We have previously identified additional regulators of senescence, including the putative
tumor suppressor TSC2256 and the metabolic enzymes PDK1 and PDP224. Interestingly, all
these genes are essential to drive the expression of IL6 and IL8 transcripts in the face of
an oncogenic signal. These results not only support model in which RASEF controls OIS by
regulating components of the senescence secretome, but also highlight the central role of
specific interleukins in OIS.
Among the genes identified here, only Wilms Tumor 1 (WT1) has been previously associated
with tumorigenesis57. Moreover, none were found to be among the genes that were
recently reported to be frequently mutated in melanoma43-45. We find that, out of seven
genes identified in the screen, only the RASEF gene shows promoter hypermethylation in
a substantial fraction of primary cutaneous melanomas (21%). Benign melanocytic nevi
did not show RASEF promoter methylation. Although results from our initial genomewide methylation analysis suggested selective RASEF hypermethylation in mutant BRAF
melanomas, we observed in a subsequent assessment of a larger group of tumors that
RASEF hypermethylation occurred equally in BRAF-mutant and -wild-type tumor samples.
RASEF hypermethylation was associated with transcriptional downregulation and chemical
demethylation resulted in transcriptional reactivation of this gene. RASEF promoter
hypermethylation has previously been reported to occur in uveal melanoma, a melanoma

subtype with genetic and clinical features that are distinct from cutaneous melanoma51.
In that study, methylation of RASEF was found in primary uveal melanomas and more
prominently in uveal melanoma cell lines lacking RASEF expression. Only cell lines lacking
RASEF methylation were found to express the gene. This pattern of correlation between
promoter methylation status and gene expression is similar to our findings for RASEF in
cutaneous melanoma. Interestingly, in another study of three Danish families with multiple
cutaneous and uveal melanoma cases, a susceptibility locus was mapped to a 3 Mb
chromosomal region on 9q21.32 harboring the RASEF gene50. Although the presence of
germ line mutations in the RASEF gene was not analyzed in this study, reduced expression
of this gene was found in melanoma patients, further supporting RASEF as a candidate
melanoma susceptibility gene, but this should be explored further. To begin delineating such
a role for RASEF, we show that its restored expression in a limited number of melanoma
cells in which this gene is methylated causes cell cycle arrest. Clearly, a more definitive
characterization of RASEF as a tumor suppressor will require in vivo models. Notably, RASEF
has been previously reported to have differential functions depending on the cancer type;
it has been attributed with a tumor-suppressive function in myeloid leukemia58 while it has
an oncogenic function in lung cancer59. Our study is consistent with a model in which RASEF
acts as a tumor suppressor in BRAFV600E -mutant melanomas.
MATERIALS AND METHODS
Cell culture, viral transduction, and senescence induction
The human diploid fibroblast (HDF) cell line TIG3 expressing the ectopic receptor, hTERT and
sh-p16INK4A as well as melanoma cell lines (04.04, 04.07, 05.06, 518A2, 06.24, 607B, 634,
93.08, 94.03C, 94.07, 94.13, A875, BLM, Mz7.4) were maintained in DMEM, supplemented
with 9% fetal bovine serum (Sigma) and 2 mM glutamine (GIBCO). Melanocytes were
maintained as described previously26. Lentiviral and retroviral infections were performed
using HEK293T cells and Phoenix cells, respectively, as producers of viral supernatants.
For senescence experiments, HDF were infected with shRNA-encoding or protein-coding
retro- or lentivirus, selected pharmacologically (puromycin or blasticidin) and subsequently
infected with BRAFV600E-encoding or control virus. After selection, cells were seeded for cell
proliferation assay, BrdU incorporation assay, SA-β-galactosidase activity and analyzed.
Cell proliferation assay
Cells were seeded into a six-well plate (at different densities: 2 × 105, 4 × 105 or 6 × 105 cells,
resp.) and selected pharmacologically. Fixation and staining with crystal violet was performed
9 to 18 days after the BRAFV600E-encoding or control virus infection, or 12 to 16 days after
RASEF-encoding or control eGFP-encoding virus infection. Images of cell proliferation assays
reflect representative results of at least three independent experiments.

108

109

Chapter 5

BrdU incorporation assay
BrdU labeling was carried out for 3 h followed by fixation. Incorporated BrdU was detected
by immunostaining as described in reference 3 and FACS analysis. Results are represented
as mean with SD of at least three independent experiments.
Analysis of SA-β-galactosidase activity
Senescence-associated (SA) β-galactosidase was stained using the ‘Senescence Associated
β-Galactosidase Staining Kit’ from Cell Signaling at pH 6 according to the manufacturer’s
protocol. Images reflect representative results of at least three independent experiments.
Trypan blue exclusion assay
Cells were brought into suspension using trypsin, centrifuged and re-suspended in a small
volume of culture medium. Trypan blue (Sigma) was added to the cell suspension (dilution
factor=2) and stained cells were counted as dead. The number of dead cells was quantitated,
and the values were expressed as the fold change over control. Results are represented as
mean with SD of at least three independent experiments.
Plasmids
The human TRC1 shRNA Library was purchased from Sigma-Aldrich.
pMSCV-blast-BRAFV600E and pMSCV-blast, KH1-GFP-shPTEN#1, HIV-CSCG-blast-BRAFV600E and
HIV-CSCG-blast were previously described13,42. For the re-expression of RASEF, the pLX304 RASEF - V5 as well as control pLX304 - eGFP - V5 plasmids, both from CCSB-Broad Lentiviral
Expression Library, were purchased from Thermo Scientific.
shRNAs
The human TRC1 shRNA Library was purchased from Sigma-Aldrich (http://www.
sigmaaldrich.com/life-science/functional-genomics-and-rnai/shrna/products/lentiplex.
html). Lentiviral knockdown constructs were purchased from Sigma-Aldrich in pLKO.1
backbone:
shUBE2V1#1–TRCN0000033708 – 5′- CGCCTAATGATGTCTAAAGAA-3′
shUBE2V1#2–TRCN0000033706–5′- CCAAGAGCCATATCAGTGCTA-3′
shNMRAL1#1–TRCN0000036912–5′- GGGACATTCAAGGTTCGAGT-3′
shNMRAL1#2–TRCN00000036913–5′- CAAGATGACTCCTGAGGACTA-3′
shPCDHGA10#1–TRCN0000053343 – 5′- TTTCTATTTCATAGAAACCGG -3′
shPCDHGA10#2– TRCN0000053344–5′- ATTCCTCAGGAATTGAGTAGG -3′
shSLC1A4#1– TRCN0000038641–5′- AGAGGATCAGCAGGTTTAT-3′
shSLC1A#2– TRCN0000038642–5′- CCACCTGAATCAGAAGGCAA-3′
shWT1#1– TRCN0000001114–5′- AAAGTTTACATTAGCAGACAC-3′
shWT1#2– TRCN0000001117–5′- AAGTCACACTGGTATGGTTTC-3′
shGEMIN6#1– TRCN0000147641–5′- TTCATAGTTTCAACAGTCTGC-3′
shGEMIN6#2– TRCN0000146917–5′- TATACTCATTCTTCTCACTGG-3′
shRASEF#1– TRCN0000055624–5′- TAATGGGAACAGTCTCATGGG-3′

shRASEF#2– TRCN0000055625–5′- TTTCCGTGTCTTATGTTCTGC-3′
shRASEF#3– TRCN0000055626–5′- ATTCTCGTATGTTAAGAAAGC-3
Quantitative real-time PCR
Total RNA was DNase-treated with RQ1 RNase-Free DNase (Promega). Reverse transcription
was performed with SuperScript II First Strand Kit (Invitrogen). qRT–PCR was performed
with the SYBR Green PCR Master Mix (Applied Biosystems) on an ABI PRISM 7700 Sequence
detection System.
Primer sets used were as follows:
UBE2V1:
5’- GGAGAGGTTCAAGCGTCTTACC -3’ and
5’- TTCGAGTTCTTCCAACAGTCG -3’
NMRAL1:
5’- GCTTACGCCACCTTCATCG -3’ and
5’- CAGATCAGCGAGCAGCTTCC -3’
PCDHGA10:
5’- CTGCAAGCCATGATCTTGG -3’ and
5’- AGACATTCTGGCGGTAGTCG-3’
SLC1A4:
5’- TCCGAAGGAGAAGACCTCATCC -3’ and
5’- CTTCCAACAAGGAACATGATGC -3’
WT1:
5’- TACAGCACGGTCACCTTCG -3’ and
5’- CACCGAGTACTGCTGCTCAC -3’
GEMIN6:
5’- CGAGTGACAGCCAGTGAGAAG -3’ and
5’- ATCTTCAAGGAAGTTCACAAGG-3’
RASEF:
5’- GCTGCTACAGAGGGACAAAAA -3’ and
5’- CAGAATAATGCCCCATACGTC -3’
or
5’- ATCAGACTTCAAAGCACAGAAATGG-3’ and
5’- TTCCTCTTCCAACTCACTCAACTG-3’
IL6, IL8, C/EBPβ and RPL13 (standard) primer sequence were described previously13.
All primer pairs except C/EBPβ span exon-exon borders. RPL13 was used as control. For
analysis, the ΔCT method was applied. Data are represented as mean ± SD of three or more
independent experiments.
Antibodies
Antibodies used for immunoblotting were BRAF (sc-5284; Santa Cruz), Hsp90 (4874; Cell
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Signaling), MAP kinase p44/42 (9102; Cell Signaling); phospho-MAP kinase p44/42 (9106;
Cell signaling), MEK1/2 (L38C12; 4694; Cell Signaling), phospho-MEK1/2 [Ser217/221]
((41G9); 9154; Cell Signaling), PCNA ((PC10); sc-56; Santa Cruz), p21Waf1/Cip1 ((C19); sc-397;
Santa Cruz), p15INK4B (sc-612; Santa Cruz), p53 ((DO-1);sc-126; Santa Cruz); phospho-RB
(Ser807/811) (9308; Cell Signaling), total RB (9309; Cell Signaling); RASEF (HPA021431;
Sigma), V5-tag (R960-25; Invitrogen).
Patient samples
Fresh-frozen and paraffin-embedded biopsy specimens were obtained from 76 primary
cutaneous melanomas and from 15 benign melanocytic nevi, all containing at least 70%
melanocytic cells (for detailed clinical information see Table S2). The BRAF and NRAS
mutation status of a subset of 5 nevi and 24 primary melanomas was determined using
allele-specific PCRs for BRAFV600E, BRAFV600K, NRASG12D, NRASQ61K, NRASQ61L, NRASQ61R and
NRASQ61H mutations on a CFX384 Real-Time Detection System (Bio-Rad, Hercules, CA). DNA
was extracted with the Genomic-tip kit (Qiagen, Hilden, Germany) or RecoverAll Nucleic
Acid kit (Ambion, Carlsbad, CA).
Bisulphite melting curve analysis (BMCA) and bisulphite sequencing analysis (BSA)
Bisulphite conversion was performed with the EZ DNA methylation kit (Zymo Research,
Orange, CA). RASEF bisulphite primers for BMCA and BSA were designed to amplify a
126-basepair region at +259 from the TSS, located within the CpG island that covers the
promoter region and first exon of the RASEF gene (5’-GGGATGGAGGCGGATGGG-3’ and
5’-GGTATTGTGTACGGAGTTGCGG-3’) (Figure 3b). Sensitivity of the primer set for BMCA
was validated using mixtures, 1:1, 1:3, 1:9 and 1:9.5, of completely methylated CpGenome
universal methylated DNA (Chemicon, Hampshire, United Kingdom) and unmethylated
semen DNA respectively, showing that methylation could be accurately detected if 10% of
the total analyzed DNA was methylated. Generated bisulphite melting curves of the RASEF
CpG island amplicon were scored as previously described49. Sequences obtained from
bisulphite sequencing analysis were considered methylated if the density of methylated
CpG dinucleotides within the interrogated amplicon was 15% or more, a threshold value
that has been previously used as a scoring standard60,61.
5-aza-2’-deoxycytidine treatment
Melanoma cell lines 634 and 06.24 were seeded at 15% confluency and treated with 2µM
5-aza-2’-deoxycytidine (Decitabine, Sigma, St. Louis, MO) for 96 hrs. Culture medium was
replaced with medium containing freshly prepared 5-aza-2’-deoxycytidine every 24 hours.
Cells were harvested for RNA extraction with the RNeasy Mini kit (Qiagen) and expression
of RASEF was analyzed by qRT-PCR. Stable expression of the reference genes TBP and CPSF6
was validated using geNorm analysis62.
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SUPPORTING INFORMATION
BRAFV600E
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Figure S1. Regulation of RB and p53 proteins in cycling, OIS and cells
bypassing OIS upon depletion of RASEF
HDFs expressing vector control or nonoverlapping shRNAs targeting RASEF
in the presence and absence of oncogenic BRAFV600E were analyzed by
immunoblotting with antibodies as indicated. Hsp90 serves as loading
control.
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Figure S2. RASEF expression in early-passage melanoma cell lines
RASEF mRNA expression levels in early-passage melanoma cell lines
with known RASEF promoter methylation status as determined by qRTPCR. Bars represent mean of normalized RASEF expression in cell lines
with hypermethylated RASEF promoter versus cells with absent RASEF
methylation. Error bars represent S.E.M.
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Figure S3. Comparison of MAP kinase pathway activation in
melanoma cell lines
Melanoma cell lines with and without RASEF silencing were
analyzed by immunoblotting with antibodies as indicated.
Hsp90 serves as loading control.
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Figure S4. Regulation of RB protein in melanoma cell
lines
Melanoma cell lines with and without RASEF silencing
were analyzed by immunoblotting with antibodies as
indicated. Hsp90 serves as loading control.
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Figure S5. Effect of ecotropic expression of RASEF on melanoma cell
lines viability
Cell proliferation assay on melanoma cell lines with and without RASEF
silencing expressing eGFP as control or RASEF. Cells were fixed and
stained 12 days after exposure to RASEF.

115

Chapter 5

94.13

93.08

RASEF
not silenced
A875

04.04

94.07

RASEF
silenced

518.A2

0.6

94.03C

0.8

05.06

Normalized expression

1.0

