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Although activating BRAF/NRAS mutations are frequently seen in
melanomas, they are not sufficient to drive malignant transformation
and require additional events. Frequent co-occurrence of mutations in
the promoter for telomerase reverse transcriptase (TERT), along with
BRAF alterations, has recently been noted and correlated with poorer
prognosis, implicating a functional link between BRAF signaling and
telomerase reactivation in melanomas. Here, we report that RAS-ERK
signaling in BRAF mutant melanomas is critical for regulating active
chromatin state and recruitment of RNA polymerase Il at mutant TERT
promoters. Our study provides evidence that the mutant TERT
promoter is a key substrate downstream of the RAS-ERK pathway.
Reactivating TERT and hence reconstituting telomerase is an important
step in melanoma progression from nonmalignant nevi with BRAF
mutations. Hence, combined targeting of RAS-ERK and TERT promoter
remodeling is a promising avenue to limit long-term survival of a
majority of melanomas that harbor these two mutations.
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H uman melanoma is a major skin malignancy accounting for
nearly 80% of deaths linked to skin cancers worldwide (1).
Due to the high metastatic potential of melanomas and the increased
resistance of malignant melanomas to conventional therapies,
melanoma is well known for its aggressiveness and poor survival
rates (2, 3).

The RAS-RAF-MEK-ERK signaling pathway is one of the key
oncogenic pathways that drives melanoma progression and is
also known to play a central role in normal melanocyte differ-
entiation and expansion (4). Pathological mutations in the genes
encoding protein kinases that participate in the RAS-RAF-MEK-
ERK pathway were identified more than a decade ago (5-7). In
particular, oncogenic mutations in the B-Raf proto-oncogene,
serine/threonine kinase (BRAF), which signals upstream of
MEK, as well as the GTPase protein NRAS (neuroblastoma
RAS viral oncogene homolog) have been widely documented in
various stages of human melanoma (8, 9). The BRAF V600E
mutation, a substitution of valine to glutamic acid at codon 600,
is one of the most frequent BRAF mutations in melanoma that
drives constitutive MEK (mitogen-activated protein kinase ki-
nases) activation, thereby leading to aberrant stimulation of ex-
tracellular signal-regulated kinase (ERK) activity (10).

BRAF mutations are known to be dominant drivers of mela-
noma, and hence targeting these mutations has been one of the
success stories in treatment of cancer (11). However, resistance to
BRAF inhibitors is rapidly acquired and is a major impediment to
cancer therapy (12). Indeed, effectively blocking the key determi-
nants of BRAF signaling could allow for a more sustained re-
sponse. It is well known that mutations in BRAF per se lead to nevi
that remain nonmalignant for many years or decades (13). What,
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then, are the key rate-limiting determinants of BRAF signaling for
progression to melanomas?

Mutations in telomerase reverse transcriptase (TERT) promoter
have recently been described as predominant genetic alterations
in over 70% of human melanomas (14, 15). Although the oncogenic
role of BRAF V600E mutations as a major driver of melanoma
progression have been well studied since its discovery in 2002, the
significant association of BRAF and TERT promoter mutations was
only recently reported in a high percentage of metastatic melanoma
cases following the discovery of TERT promoter mutations in 2013
(16, 17). This co-occurrence of BRAF and TERT promoter alter-
ations was also found in other cancer types such as papillary thyroid
cancers and was highly correlated with worse prognosis of these
cancers (17-19). TERT mutations occur in the core promoter
region of the telomerase reverse transcriptase gene encoding the
catalytic subunit of human telomerase and are known to gener-
ate a new motif for the E-twenty-six (ETS) family of transcrip-
tion factors. Although several groups have characterized the
major ETS factor(s) that bind mutant TERT promoters (20-23),
it is not known if BRAF V600E-induced ERK signaling plays a
key role in the transcriptional regulation of TERT reactivation at
mutant TERT promoters in human melanoma.

In this study, we sought to investigate the mechanistic rele-
vance of RAS-ERK activation in BRAF/NRAS mutant cells with
mutant TERT promoters. Our findings demonstrate a major
role of RAS-ERK signaling in the maintenance of an active
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chromatin state at mutant 7ERT promoters, which facilitates the
recruitment of RNA polymerase II that activates TERT tran-
scription in BRAF-mutant melanoma cells. ERK2’s (mitogen-
activated protein kinase 1) association at mutant TERT pro-
moters promoted the dissociation of the histone deacetylase 1
(HDAC1) repressor complex from Spl sites, thereby leading to
increased acetylation of histone 3 lysine 9 (H3K9ac). Hence, we
provide evidence of the molecular reason for the significant
coassociation of BRAF mutations and TERT promoter muta-
tions in melanoma progression.

Results

BRAF/NRAS Mutant Melanoma Cell Lines Frequently Display TERT
Promoter Mutations. To investigate a functional coassociation, if
any, between BRAF/NRAS and TERT promoter mutations, we
sequenced a variety of human melanoma cell lines for BRAF,
NRAS, and TERT promoter mutations. From our analysis, we
found seven melanoma cell lines harboring either BRAF V600E
or NRAS mutations: A375, UACC257, G361, BLM, WM793,
Malme-3M, and C8161 (Fig. 1 4 and B). Six BRAF/NRAS-mutant
cell lines were found to contain TERT promoter mutations at
positions —146C > T, —124C > T, or -138_139CC > TT (Fig. 1 4
and B), which result in the de novo creation of an ETS binding
motif and are associated with increased transcriptional activity at
the TERT promoter (14, 15). These observations are consistent
with current literature reporting the frequent co-occurrence of
BRAF/NRAS and TERT promoter mutations in human melanoma
tumors (16, 17, 24, 25).

BRAF and MEK Inhibitors Reduce TERT Expression in BRAF/NRAS-
Mutant Melanoma Cells. The C8161 cell line was recently reported
to contain WT TERT promoter, thereby rendering it unresponsive
to TERT inhibition when treated with MEK inhibitor (26). We thus
analyzed the effect of RAS-ERK inhibition on TERT expression
in other BRAF/NRAS-mutant cell lines carrying TERT promoter
mutations. Short-term treatment of BRAF-mutant melanoma cell
lines with the BRAF inhibitors verumafenib and dabrafenib alone
or in combination with the MEK inhibitor trametinib, as well as
treatment of NRAS-mutant BLM cells with trametinib, resulted
in the corresponding downregulation of MEK1/2 and ERK1/2
phosphorylation (Fig. 1C). Downstream reduction of ERK phos-
phorylation led to a rapid decline in TERT expression in all TERT
promoter mutant melanoma cell lines following 1 d of treatment of
BRAF and/or MEK inhibitors (Fig. 1D). This reduction in TERT
expression corresponded with their decreased proliferation (Fig.
S1A), suggesting that RAS-ERK-mediated regulation of TERT
transcription is important for the survival of melanoma cells.

Downregulation of RAS-ERK Signaling Inhibits the Transcriptional
Activation of TERT at Mutant TERT Promoters in BRAF/NRAS-Mutant
Melanoma Cells. Consistent with our findings using BRAF and
MEK inhibitors, downregulation of RAS-ERK signaling via siRNA-
mediated knockdown of BRAF in BRAF-mutant, 7ERT promoter
mutant melanoma cells resulted in a similar decrease in 7ERT ex-
pression (Fig. 24). These observations were further corroborated by
luciferase reporter assays using reporter constructs for TERT pro-
moters carrying either of the two hotspot mutations, —146C > T and
—124C > T (14, 15), in three melanoma cell lines (Fig. 2B). Down-
regulation of ERK1/2 phosphorylation in BRAF-mutant A375 and
UACC257 cells using siRNA targeting BRAF or in NRAS-mutant
BLM cells via siRNA knockdown of ERK2 resulted in reduced
transcriptional activation of both mutant TERT promoter reporters
(Fig. 2B), demonstrating that the RAS-ERK pathway regulates
transcriptional activation of TERT at TERT promoter mutations.

Reduction of ERK Phosphorylation Results in a Dramatic Loss of

Telomerase Activity in BRAF/NRAS-Mutant Melanoma Cells. The re-
duction of phosphorylated ERK1/2 in BRAF/NRAS-mutant
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Fig. 1. Disruption of the RAS-ERK pathway inhibits the transcriptional acti-
vation of TERT at mutant TERT promoters in BRAF/NRAS mutant melanoma
cells. (A) Table shows the profiles of BRAF, NRAS, and TERT promoter mutations
in human melanoma cell lines. (B) Representative DNA chromatogram se-
quences of BRAF, NRAS, and TERT promoter mutations of melanoma cell lines
analyzed. (C) A375 cells were treated with 0.4 uM verumafenib, 0.1 pM dab-
rafenib, and 20 nM trametinib alone or in combination with trametinib for 1, 3,
and 6 h. Cell lysates of control and treated samples were analyzed for changes
in MEK1/2 and ERK1/2 phosphorylation by Western blotting. (D) BRAF/NRAS-
mutant, TERT promoter mutant melanoma cells were treated with 0.1 pM
dabrafenib, 0.4 uM verumafenib, and 20 nM trametinib alone or in combina-
tion with trametinib for 1 d and analyzed for TERT expression by quantitative
real-time PCR (gPCR). Data from three experiments are represented as the
relative fold change in mRNA expression (mean + SEM). Student’s t test (two-
tailed) was used for all statistical analyses: **P < 0.01; ***P < 0.001.

melanoma cells carrying TERT promoter mutations, using either
BRAF and MEK inhibitors (Fig. 1C) or si-BRAF treatment (Fig.
S1B), both resulted in a dramatic loss of telomerase activity (Fig. 2
C and D). This loss of telomerase activity correlated with the de-
creased long-term proliferation of sShBRAF or shERK2 melanoma
cells (Fig. 2 E and F), which also display reduced expression of
TERT and urokinase plasminogen activator (uPA), a RAS/ERK
target gene (Fig. S24), following downregulation of BRAF (Fig.
S2B). Re-expression of TERT in shBRAF or shERK2 melanoma
cells (Fig. S2C) rescued the effect of RAS-ERK inhibition on cell
proliferation (Fig. 2 E and F), indicating that RAS-ERK-mediated
regulation of TERT transcription is essential for the survival of
melanoma cells. These findings therefore demonstrate the signifi-
cant involvement of RAS-ERK signaling in the maintenance of
telomerase expression and function in 7ERT promoter mutant
melanoma cells.

RAS-ERK Signaling Regulates the Active Chromatin State of Mutant
TERT Promoters. Because a dramatic epigenetic switch has been
reported to underscore the activation of TERT at mutant TERT
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Fig. 2. Inhibition of RAS-ERK signaling reduces the telomerase activity and
proliferation of BRAF/NRAS-mutant melanoma cells carrying TERT promoter
mutations. (A) A375, UACC257, G361, BLM, WM793, and Malme-3M cells
were treated with si-Control (Ctrl) or si-BRAF and analyzed for TERT and
BRAF expression after 3 d. Plots represent relative fold changes in mRNA
expression (mean + SEM) from two independent experiments. (B) Luciferase
reporter assays were performed in A375, UACC257, and BLM cells that were
transfected with pGL3 reporter vector containing the TERT promoter region
(—340 to —55) with —146C > T or —124C > T mutation. Transfected cells were
treated with siRNA-targeting BRAF or ERK2. Data shown are representative of
two independent experiments. (C) A375, UACC257, G361, WM793, and
Malme-3M cells were treated with BRAF and MEK inhibitors (0.1 pM dabra-
fenib and 20 nM trametinib), and BLM cells were treated with MEK inhibitor
(20 nM trametinib). DMSO control (Ctrl) or BRAF/MEK inhibitor-treated cells
were analyzed for telomerase activity after 2 d by a Telomere Repeat Ampli-
fication Protocol (TRAP) assay. Data shown are from two experiments and
represent relative telomerase activity (mean + SEM). (D) A375, UACC257, G361,
BLM, WM793, and Malme-3M cells were transfected with si-Ctrl or si-BRAF and
analyzed for telomerase activity after 3 d. Data from two experiments are
shown (mean + SEM). (E) Colony formation assay was performed in vector or
shBRAF-expressing A375 and vector or shERK2 BLM cells. TERT was re-
expressed in sShBRAF and shERK2 cells via lentiviral transduction of Flag-TERT
WT construct, and colony formation assay was performed in parallel. Repre-
sentative images from two independent experiments are shown. (F) Plot de-
picts average number of colonies counted per field (mean + SEM) from all
experiments in the earlier assay. Student’s t test (two-tailed) was used for all
statistical analyses: *P < 0.05; ***P < 0.001.

promoters (22), we sought to investigate the molecular basis of
the RAS-ERK pathway in the regulation of telomerase reactivation
at mutant TERT promoters by performing chromatin immunopre-
cipitation (ChIP) assays using antibodies targeting various histone
marks that are associated with active chromatin. Consistent with
our earlier observations, downregulation of RAS-ERK signaling
using BRAF and MEK inhibitors resulted in the reduction of tri-
methylation of histone H3 at lysine 4 (H3K4me3), a histone mark
that is associated with transcriptional activation, at the mutant
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TERT promoters of four melanoma cell lines (Fig. 34). Moreover,
various acetylated histone marks associated with active enhancers
and transcriptional elongation, of which the H3K9ac is most
prominently enriched, were substantially depleted at mutant TERT
promoters following ERK inhibition (Fig. 34). The reduction of
H3K4me3 and H3K9ac levels at mutant TERT promoters was
similarly observed in BRAF-mutant, TERT (—146C > T) or TERT
(—124C > T) melanoma cell lines, UACC257, A375, WM793, and
Malme-3M, following si-BRAF treatment (Fig. 3B). These data
collectively demonstrate the critical role of RAS-ERK signaling in
regulating the active chromatin state of mutant TERT promoters in
BRAF/NRAS-mutant human melanoma.

Inhibition of the RAS-ERK Pathway Reduces the Recruitment of RNA
Polymerase Il at Mutant TERT Promoters in Human Melanoma Cells.
Consistent with the downregulation of an epigenetic signature
for active chromatin, disruption of the RAS-ERK pathway by
BRAF and MEK inhibitors led to the substantial reduction of
RNA polymerase II (Pol II) recruitment at the mutant TERT
promoters of BRAF/NRAS-mutant melanoma cell lines (Fig. 44).
Notably, specific enrichment of serine 5 phosphorylated Pol II (Pol
IT S5P), which is most highly enriched and associated with tran-
scriptional activation at gene promoters, was substantially depleted
at the mutant TERT promoters of BRAF/MEK inhibitor-treated
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Fig. 3. RAS-ERK signaling regulates the active chromatin state of mutant
TERT promoters. (A) ChIP was performed in control or BRAF/MEK inhibitor-
treated A375, UACC257, BLM, and G361 cells using antibodies specific for
different histone marks and IgG as negative control. Enrichment of TERT
promoter DNA fragments in ChIP DNA was normalized to DNA input.
(B) ChIP was performed in si-Ctrl or si-BRAF-transfected UACC257, A375,
WM793, and Malme-3M cells using antibodies specific for H3K4me3 and
H3K9ac and IgG as negative control. Data shown represent at least two in-
dependent ChIP assays for all cell lines. Student’s t test (two-tailed) was used
for all statistical analyses of control versus treated samples for each ChlIP:
*P < 0.05; **P < 0.01; ***P < 0.001.

Li et al.


www.pnas.org/cgi/doi/10.1073/pnas.1611106113

L T

/

D\

UACC257 mmm Control

=3 Dabrafenib+
Trametinib

A, A375 0.75

1.0
0.7
0.5
0.2

0.50

% INPUT

o
o
*
*
*
*
=)
o
*
é*
*

0.25 T

& a2

.00
rigG Polll Polll Polll rlgG

Pol Il Pol Il Pol I
S5P S2P S5P S2P
1.5 BLM 1.51 G361 = Control
3 Trametinib
5 10 1.0- =3 Dabrafenib+
o Trametinib
=z
; 0.51 . - 0.5 x
ok Fkk
0.0- ] ! L] L] 0.0- 8
Polll Polll Polll rilgG " Polll Polll Polll rigG
S5P S2P S5P S2P
B1 25, UACC257 A375 msi-Crl
: 0.7 E=Ssi-BRAF
 1.00 0.61
0.5

o>
% 0.75 0.4
= 0.501 0.3 *
& o *x 0.21 I

0.25q 01

0.0 0.0

Polll Pol Il S5P rlgG Polll  Polll S5P rigG
0.6- WM793 0.35 Malme-3M

i si-Ctrl

0.5 0.30 E=3si-BRAF

0.25
0.20
0.15
hid 0.10
0.05:

*h

% INPUT
o O o o
- N W b
S

% INPUT

o o o o

(=] N (4] ~

(=] o o o

o [3,]

0.
Polll  Polll S5P rlgG Polll  Polll S5P rigG

Fig. 4. The RAS-RAF-MEK-ERK pathway regulates the recruitment of RNA
polymerase Il at mutant TERT promoters in human melanoma cells. (A) ChIP
was performed in control or BRAF/MEK inhibitor-treated A375, UACC257,
BLM, and G361 cells using antibodies specific for RNA polymerase Il (Pol I1),
Pol Il phosphorylated on Serine 5 (Pol Il S5P) and Serine 2 (Pol Il S2P), and I1gG
as negative control. Enrichment of TERT promoter DNA fragments in ChIP
DNA was normalized to DNA input. (B) ChIP was performed in si-Ctrl or si-BRAF-
transfected UACC257, A375, WM793, and Malme-3M cells using antibodies
specific for Pol II, Pol Il S5P, and IgG as negative control. Plots shown represent
at least two independent ChIP assays for all cell lines. *P < 0.05; **P < 0.01;
***P < 0.001; Student’s t test (two-tailed).

melanoma cells (Fig. 44). The decline in Pol II recruitment was
also found in si-BRAF-treated UACC257, A375, WM793, and
Malme-3M cells (Fig. 4B), providing further support for the crucial
role of RAS-ERK pathway in mediating the recruitment of Pol II
during telomerase reactivation at mutant 7ERT promoters.

Conversion of TERT Promoter Mutation to Wild-Type Promoter Abolishes
the Regulation of the RAS-ERK Pathway on Pol Il Recruitment. To verify
that the regulation of RAS-ERK signaling is specific to mutant
TERT promoters, we analyzed isogenic BLM TERT (-146C > T)
and TERT WT cells that were previously created using the CRISPR/
Cas9 genome editing tool (27). Although TERT (-146C > T)
CRISPR cells displayed a similar reduction in active histone marks
and Pol II recruitment during MEK inhibitor treatment (Fig. 54),
BLM cells carrying WT TERT promoter did not show any changes
when treated similarly with MEK inhibitor (Fig. 5B). In further
support of the role of mutant TERT promoter as a major target for
RAS-ERK activation, ERK2 was found to be recruited to the
mutant TERT promoters (—146C > T and —124C > T) of BRAF/
NRAS-mutant melanoma cells (Fig. 5C). Disruption of ERK acti-
vation via si-BRAF or MEK inhibitor treatment resulted in the loss
of ERK2 binding to mutant 7TERT promoters (Fig. 5C). Further-
more, in C8161 cells carrying WT TERT promoter, neither ERK2
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nor GABPA was recruited to the TERT promoter although Pol II
was enriched and BLM TERT WT cells also displayed a loss of
ERK?2 binding (Fig. S34). Consistent with the essential role of
ERK2-mediated activation of TERT transcription, siRNA inhibi-
tion of ERK2 but not ERK1 (mitogen-activated protein kinase 3)
resulted in the reduction of TERT expression and loss of telomerase
activity in BRAF/NRAS-mutant, 7ERT-mutant melanoma cells
(Fig. S3 B-E).

The transcriptional repression of human TERT gene in normal
somatic cells is known to be mediated by histone deacetylases,
which can be recruited to the TERT promoter by the Sp1 family
of transcription factors (28, 29). Because Sp1 has been documented
as a direct target of activated ERK and because Sp1 phosphory-
lation can facilitate the dissociation of the HDACI repressor
complex from gene promoters in cancer cells (30), we analyzed
whether BRAF/MEK inhibition affected HDACI recruitment on
the mutant 7ERT promoters of melanoma cells. Consistent with
the loss of H3K9 acetylation, disruption of RAS-ERK signaling via
si-BRAF or BRAF/MEK inhibitor treatment resulted in enhanced
HDACI1 recruitment to the mutant 7TERT promoters of melanoma
cells while Sp1 was similarly enriched (Fig. 64). These observations
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Fig. 5. Conversion of TERT promoter mutation to WT promoter abolishes
the regulation of the RAS-ERK pathway on TERT reactivation. ChIP was
performed in control or trametinib-treated BLM mutant TERT (-146C > T)
promoter CRISPR cells (A) or BLM WT TERT promoter CRISPR cells (B) using
antibodies specific for RNA polymerase Il (Pol Il), H3K4me3, and H3K9ac and
IgG as negative control. Enrichment of TERT promoter DNA fragments in
ChIP DNA was normalized to DNA input. (C) ERK2 is bound to mutant TERT
promoters of BRAF/NRAS-mutant melanoma cells. ChIP was performed in si-
Ctrl or si-BRAF-treated A375, WM793, and Malme-3M cells and control or
trametinib-treated BLM cells using ERK-2-specific antibody and 1gG as neg-
ative control. Data shown represent two independent experiments for all
cell lines. *P < 0.05, Student’s t test (two-tailed).
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Fig. 6. Inhibition of the RAS-ERK pathway promotes the recruitment of the

HDAC1 repressor complex to mutant TERT promoters of melanoma cells.
(A) HDAC1 and Sp1 ChIP was performed in the BRAF-mutant, TERT promoter
mutant melanoma cells WM793, UACC257, Malme-3M, and A375, which
were treated either with si-BRAF or BRAF and MEK inhibitors to disrupt ERK
activation. Enrichment of TERT promoter DNA fragments in ChIP DNA was
normalized to DNA input. Data shown are representative of two in-
dependent experiments. *P < 0.05; Student’s t test (two-tailed). (B) A model
for TERT reactivation at mutant TERT promoter during constitutive RAS-ERK
signaling in BRAF-mutant melanoma tumors is shown.

therefore reaffirm the crucial role of the RAS-ERK pathway on
transcriptional activation at mutant TERT promoters.

Discussion

The RAS-RAF-MEK-ERK signaling pathway plays important
biological roles in the regulation of cell proliferation, differen-
tiation, and apoptosis (4). Under normal physiological condi-
tions, transient or controlled activation of ERK by growth factors
such as fibroblast growth factor or hepatocyte growth factor is
essential for the proliferation and differentiation of melanocytes
(4). However, activating mutations in protein kinases that me-
diate this pathway have been well established to play a central
pathological role in the development of melanomas (6, 7). Here
we report that aberrant activation of RAS-ERK signaling during
BRAF V600E or NRAS mutations maintains an active chro-
matin state at the mutant TERT promoters of human melanoma,
which facilitates the recruitment of RNA polymerase II thereby
leading to Pol II (S5P)-mediated transcriptional activation of
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TERT. We demonstrate that inhibition of ERK phosphoryla-
tion via chemical inhibitors or siRNA targeting BRAF activa-
tion results in the distinct downregulation of H3K4me3 and
H3K9ac—histone marks that are typically associated with gene
activation and transcriptional elongation—at the mutant TERT
promoters of BRAF/NRAS mutant melanoma cells. This epige-
netic repression leads to a corresponding decline in the recruit-
ment of RNA Pol II, particularly the serine 5 phosphorylated
form, at the mutant TERT promoter.

Activated ERKs have been documented to bind the promoters
of genes associated with development, cell cycle, and pluripotency
and to regulate transcriptional activities through phosphorylation
of various substrates including transcription factors, histone
modifying proteins, and RNA Pol II (31-33). Although a recent
study has identified the ETS1 transcription factor as a target of
MAPK pathway activation in melanoma cells carrying TERT
promoter mutation (26), our data show that RAS-ERK-mediated
transcriptional regulation of mutant TERT promoters involves the
remodeling of a chromatin environment that is permissive for TERT
reactivation. In particular, we find that ERK2 is specifically recruited
to the mutant 7ERT promoters of BRAF/NRAS-mutant melanoma
cells and that RAS-ERK inhibition promotes the association of
the HDACI repressor complex to the TERT core promoter, lead-
ing to transcriptional 7ERT silencing. Our study therefore demon-
strates that mutant 7ERT promoter is a direct target of
RAS-ERK signaling.

Significant coassociation of BRAF V600E and TERT promoter
mutations has been reported in both malignant melanomas and
papillary thyroid cancers. In particular, the co-occurrence of both
genetic alterations was concordant with increased aggressiveness
and poorer prognosis of disease (16, 17, 19), which suggests the
major relevance of constitutive RAS-ERK signaling in TERT
reactivation and sustained telomerase activity in malignant tumors.
During the development of human melanoma, which displays a
high percentage of BRAF (~60%) and NRAS (~20%) mutations
(4, 5), both genetic alterations are initiated in the early stages of
melanoma progression and result in constitutive stimulation of the
RAS-ERK-MAPK pathway. In contrast to NRAS mutations that
occur in intermediate lesions, BRAF V600E mutations arise
exclusively from precursor lesions residing at melanocytic nevi
(9). Subsequent to BRAF V600E mutations, TERT promoter
mutations begin to emerge as these benign nevi turn malignant
(9), indicating that TERT promoter mutations are key driver
events necessary for the progression of benign BRAF-mutant
lesions to metastatic melanomas.

Although several studies have cataloged the acquisition of
BRAF and TERT promoter mutations during melanoma progres-
sion, the transcriptional regulation of BRAF V600E-induced ERK
signaling on TERT reactivation has not been completely char-
acterized. In this study, we found that RAS-ERK hyperactivation
is critical for the maintenance of a permissive chromatin state
necessary for the transcriptional activation of mutant 7TERT
promoters in melanoma cells. In particular, short-term exposure
of TERT promoter mutant melanoma cells to BRAF and MEK
inhibitors resulted in a dramatic decline in TERT transcription and
telomerase activity. These observations are in turn recapitulated by
the reduced proliferation of these cells when BRAF is down-
regulated, demonstrating that RAS-ERK signaling is crucial for
the maintenance of telomerase function and survival in TERT
promoter mutant human melanomas. We therefore present a
model for the molecular link between ERK-MAPK signaling and
TERT reactivation in BRAF-mutant melanoma tumors that ac-
quire TERT promoter mutations (Fig. 68). In BRAF V600E-
mutant melanocytic lesions, ERK2 does not bind WT TERT
promoter, which is transcriptionally repressed due to the recruitment
of the HDAC1 complex by Spl (29). Hence, RAS-ERK signaling
does not activate TERT expression in the absence of TERT pro-
moter mutations, and these precursor lesions remain as benign
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melanocytic nevi (Fig. 6B). However, when BRAF mutant tumors
attain TERT promoter mutations, RAS-ERK hyperactivation leads
to the association of ERK2 to mutant 7TERT promoter, potentially
through interaction with GABPA or ETS1 (34, 35), and its sub-
sequent phosphorylation of Sp1 stabilizes it on the mutant promoter.
Stabilized ERK on mutant TERT promoter facilitates the dissocia-
tion of HDACI1 from mutant TERT promoters, thereby promoting
histone 3 lysine 9 acetylation, which generates an active chromatin
state that mediates TERT reactivation (Fig. 6B). This results in the
sustained telomerase activity of tumor cells that promotes their
development to malignant melanomas through canonical and
noncanonical functions of TERT (Fig. 6B) (23, 36-39).

One of the major challenges faced in the effective therapy and
management of metastatic melanomas is their acquired resistance
to BRAF and MEK inhibitors (40). Our findings reveal that the
mutant TERT promoter is a major substrate for the RAS-ERK
pathway and is a key determinant for the progression of BRAF
mutant lesions to malignant melanomas. Hence, combination
therapy involving BRAF/MEK inhibitors and blockers of chro-
matin remodeling of mutant TERT promoters may be an at-
tractive strategy to inhibit telomerase reactivation in melanoma
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cancers with BRAF/NRAS and TERT promoter mutations. It
will also be important to further define the transcription factors
and epigenetic regulators that maintain the active chromatin
state of mutant TERT promoters downstream of ERK signaling
in cancers.

Materials and Methods

Human melanoma G361 and BLM cell lines were kindly provided by Birgit Lane
(Institute of Medical Biology, Singapore). A375, UACC257, and Malme-3M cell
lines were obtained from Ernesto Guccione (Institute of Molecular and Cell Bi-
ology, Singapore). The WM793 cell line was a gift from Jean-Pierre Abastado
(Singapore Immunology Network, Agency for Science Technology and Research,
Singapore). C8161 melanoma cells were given by Nicolas Dumaz (INSERM, U976,
Skin Research Center, Hopital Saint-Louis, Paris) (26). Details of the reagents and
experimental procedures of various assays used for these cell lines are provided
in SI Materials and Methods. Institutional review board approval or informed
consent was not necessary for this study as research did not involve humans,
human embryonic stem cells, or vertebrate animals.

ACKNOWLEDGMENTS. We thank the Agency for Science Technology and
Research (Singapore) and the Institute of Molecular and Cell Biology for
their support and funding of this work.

23. LiY, Tergaonkar V (2016) Telomerase reactivation in cancers: Mechanisms that govern
transcriptional activation of the wild-type vs. mutant TERT promoters. Transcription
7(2):44-49.

24. Griewank KG, et al. (2014) TERT promoter mutation status as an independent prog-
nostic factor in cutaneous melanoma. J Nat/ Cancer Inst 106(9):dju246.

25. Macerola E, et al. (2015) Coexistence of TERT promoter and BRAF mutations in cu-
taneous melanoma is associated with more clinicopathological features of aggres-
siveness. Virchows Archiv 467(2):177-184.

26. Vallarelli AF, et al. (2016) TERT promoter mutations in melanoma render TERT ex-
pression dependent on MAPK pathway activation. Oncotarget 7(33):53127-53136.

27. Akincilar S, et al. (2016) Long-range chromatin interactions drive mutant Tert pro-
moter activation. Cancer Discov CD-16-0177.

28. Takakura M, et al. (2001) Telomerase activation by histone deacetylase inhibitor in
normal cells. Nucleic Acids Res 29(14):3006-3011.

29. Won J, Yim J, Kim TK (2002) Sp1 and Sp3 recruit histone deacetylase to repress
transcription of human telomerase reverse transcriptase (hTERT) promoter in normal
human somatic cells. J Biol Chem 277(41):38230-38238.

30. Liao M, Zhang Y, Dufau ML (2008) Protein kinase Calpha-induced derepression of the
human luteinizing hormone receptor gene transcription through ERK-mediated re-
lease of HDAC1/Sin3A repressor complex from Sp1 sites. Mol Endocrinol 22(6):
1449-1463.

. Goke J, Chan Y-S, Yan J, Vingron M, Ng H-H (2013) Genome-wide kinase-chromatin
interactions reveal the regulatory network of ERK signaling in human embryonic
stem cells. Mol Cell 50(6):844-855.

32. Tee W-W, Shen SS, Oksuz O, Narendra V, Reinberg D (2014) Erk1/2 activity promotes
chromatin features and RNAPII phosphorylation at developmental promoters in
mouse ESCs. Cell 156(4):678-690.

33. Chen Y-J, Wang Y-N, Chang W-C (2007) ERK2-mediated C-terminal serine phos-
phorylation of p300 is vital to the regulation of epidermal growth factor-induced
keratin 16 gene expression. J Biol Chem 282(37):27215-27228.

34. Flory E, Hoffmeyer A, Smola U, Rapp UR, Bruder JT (1996) Raf-1 kinase targets GA-
binding protein in transcriptional regulation of the human immunodeficiency virus
type 1 promoter. J Virol 70(4):2260-2268.

35. Selvaraj N, Kedage V, Hollenhorst PC (2015) Comparison of MAPK specificity across
the ETS transcription factor family identifies a high-affinity ERK interaction required
for ERG function in prostate cells. Cell Commun Signal 13:12.

36. Akincilar SC, Unal B, Tergaonkar V (2016) Reactivation of telomerase in cancer. Cell
Mol Life Sci 73(8):1659-1670.

37. Khattar E, et al. (2016) Telomerase reverse transcriptase promotes cancer cell pro-
liferation by augmenting tRNA expression. J Clin Invest 126(10):4045-4060.

38. Li Y, Tergaonkar V (2014) Noncanonical functions of telomerase: Implications in te-
lomerase-targeted cancer therapies. Cancer Res 74(6):1639-1644.

39. Koh CM, et al. (2015) Telomerase regulates MYC-driven oncogenesis independent of
its reverse transcriptase activity. J Clin Invest 125(5):2109-2122.

40. Samatar AA, Poulikakos Pl (2014) Targeting RAS-ERK signalling in cancer: Promises

and challenges. Nat Rev Drug Discov 13(12):928-942.

. Akincilar SC, et al. (2015) Quantitative assessment of telomerase components in
cancer cell lines. FEBS Lett 589(9):974-984.

3

4

PNAS | December 13,2016 | vol. 113 | no.50 | 14407

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1611106113/-/DCSupplemental/pnas.201611106SI.pdf?targetid=nameddest=STXT

