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Chromatin state profiling reveals PRC2 inhibition as a therapeutic target in NRAS-

mutant melanoma
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ABSTRACT

Recently, we have generated 284 epigenomic maps in melanoma. Using chromatin state profiling we
identify an association of NRAS-mutants with bivalent Histone H3 lysine 27 trimethylation (H3K27me3)
and broad H3K4me3 domains. Reprogramming of bivalent H3K27me3 occurs on critical invasive-
regulators and its resolution using Enhancer of Zeste Homolog 2 (EZH2) inhibition reduces invasive

capacity and tumor burden in NRAS-mutant patient samples.

Author’s comments

In melanoma, somatic mutations in oncogenes, such as NRAS
or BRAF, are well-chronicled drivers of this disease.' However,
the relationship between these genetic alterations and epige-
netic elements are not entirely understood. Chromatin profil-
ing is a powerful tool for identifying tissue-specific regulatory
elements. Using chromatin immunoprecipitation followed by
high-throughput sequencing (ChIP-sequencing) for enhancers
(H3K27ac and H3K4mel), promoters (H3K4me3), active tran-
scription (H3K79me2) and polycomb (H3K27me3) or hetero-
chromatin (H3K9me3) repression we generated 284 chromatin
maps in melanoma tumors and cell lines. Through integrative
analysis of chromatin state profiling coupled with mutation,
expression, and methylation data, we identified bivalent
Histone H3 lysine 27 trimethylation (H3K27me3) and broad
H3K4me3 domains as prospective drivers of an invasive/
mesenchymal phenotype, primarily in NRAS-mutants.
Bivalent chromatin, which is defined by the presence of both
active (i.e. H3K4me3) and repressive (i.e. H3K27me3) histones,
has the potential to rapidly activate or repress lineage-specific
genes.” In adult cells some lineage-specific genes maintain or
regain bivalent chromatin,” potentially leaving them vulnerable
to activation. In melanoma, we found bivalent domains display
dynamic changes on members of the Epithelial to
Mesenchymal Transition Transcription Factor (EMT-TF) net-
work [i.e. Zinc Finger E-Box Binding Homeobox 1 (ZEBI),
Twist Family BHLH Transcription Factor 1 (TWISTI) and
Cadherin 1 (CDH1)] during the progression from Embryonic
Stem Cells (ESCs) > melanocytes > isogenic mutant melano-
cytes > metastatic melanoma. Albeit melanocytes are not
epithelial, during melanocyte development neural crest cells
undergo an initial EMT in order to break away from the neural
fold and migrate,* a process involving multiple transitions
between alternate cellular states. Interestingly, this process is
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similar to a model in which melanoma cells undergo
a phenotypic switch (from proliferative to invasive) that
includes reorganization of EMT-TF network, increased inva-
sion, and poor prognosis in patients.” Our studies build on
these findings and suggest that shifts in bivalent chromatin
domains, which contain the ability to rapidly activate or
repress genes, may be the mechanism for EMT-TF gene reg-
ulation during the progression toward an invasive state.

With an observed shift in bivalent domains, we postulated
genes losing bivalent H3K27me3 in melanocytes can retain/
acquire distinct H3K4me3 signatures (broad or non-broad) in
melanoma. In contrast to “typical” H3K4me3 (200-1000bp
long), broad H3K4me3 can span thousands of kilobases (kb)
and has been linked to increased gene activation.® Based on the
overall width and density of H3K4me3 we found NRAS- and
BRAF-mutants harbor the largest number of broad domains
(>30kb in NRAS tumors). Separation of domains > 4kb (4x that
of a typical domain) and < 4kb revealed two distinct H3K4me3
signatures, including broad domains spanning outside the
transcription start site (TSS) and non-broad domains localized
within the TSS. Integration of 1) bivalent domains in melano-
cytes 2) broad or non-broad H3K4me3 in melanoma 3) active
transcription mark H3K79me2 and 4) RNA-seq expression
data revealed NRAS-specific broad domains are associated
with increased gene activation and enriched on invasive dri-
vers, such as SRY-Box Transcription Factor 9 (SOX9). With
little known about H3K4me3 signatures in melanoma, this
suggests broad H3K4me3 could be a mechanism for invasive
gene activation in cooperation with bivalent domains.

Although genes retaining/acquiring broad H3K4me3 in
melanoma were associated with increased transcription, this
bivalent switch occurred on a small number of genes (n = 142)
compared to the total number of broad domains (n = 1206) in
NRAS-mutants. Hence, we postulated lengthening of
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H3K4me3 may be associated with increased gene activation
whereas shortening may be associated with repression. Unlike
that of bivalent transitions, we found H3K4me3 displayed
preferential shortening (<2kb) and associated gene repression
compared to melanocytes in both NRAS- and BRAF-mutants,
suggesting this may be a common response to oncogenic acti-
vation. Interestingly, promoters harboring the largest broad
H3K4me3 domain losses included critical melanocyte
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Figure 1. Overview of chromatin state analysis in melanoma tumor samples and

Decrease in tumor growth

cell lines. 1) Samples used in this study included 20 melanoma tumors (BRAF, NRAS,

Wild-Type [WTI), 10 melanoma short-term cultures and 16 commercially available melanoma cell lines. 2). Chromatin immunoprecipitation followed by high-
throughput sequencing (ChIP-sequencing) was performed in melanoma tumors and cell lines using histone modifications for H3K4me1, H3K27ac, H3K4me3,
H3K79me2, H3K27me3 and H3K9me3. 3) ChromHMM analysis was used to identify combinatorial chromatin state definitions and histone mark probabilities in 20
metastatic melanoma tumor samples. 4) Multidimensional Scaling (MDS) and differential analysis was performed for each chromatin state annotated by mutational
subtype. 5) Chromatin states were compared between embryonic stem cells (ESCs), melanocytes, oncogenic melanocytes harboring an NRAS- or BRAF-mutation and
melanoma samples harboring an NRAS- or BRAF-mutation. 6) Model describing potential mechanism in which switches of bivalent H3K27me3 domains on Epithelial to
Mesenchymal Transition Transcription Factor (EMT-TF) and invasive genes, and shortening of H3K4me3 domains on melanocyte regulatory and proliferative genes,
controls their expression during the transition to an invasive state. 7) Model describing potential therapeutic strategy for targeting the Mitogen-activated protein kinase
(MEK) pathway (trametinib) and Enhancer of Zeste Homolog 2 (EZH2) (GSK-126) to block tumor burden in NRAS-mutant melanoma.



may be a mode of gene regulation to maintain normal mela-
nocyte function (or a proliferative state) which is lost upon
oncogenic activation (or during the switch to an invasive state).

Within bivalent chromatin domains an active PRC2
[Enhancer of Zeste Homolog 2 (EZH2), SUZ12 polycomb
repressor complex 2 subunit and Embryonic Ectoderm
Development (EED)], through trimethylation of H3K27, is
essential for maintaining transcriptional repression.® In mela-
noma, we observed an association between NRAS-mutants,
bivalent chromatin and PRC2, on a gene, protein and genome-
wide level. NRAS-mutants displayed increased expression of
SUZ12 compared to BRAF-mutants, and bivalent H3K27me3
colocalized with PRC2 in ESCs, which are known to harbor
functional bivalent domains. Removal of H3K27me3 through
disruption of PRC2 [via EZH2 inhibition (GSK-126)]° was able
to activate the expression of key EMT-TF (i.e. ZEBI) in mela-
nomas retaining a bivalent configuration after oncogenic acti-
vation, suggesting a subset of these domains are functional in
cancer. By taking advantage of this epigenetic information, we
found EZH2 inhibition markedly impacted the invasive, but
not proliferative, capacity of NRAS-mutant cells. With impact
on invasion, but not proliferation, we next tested whether
EZH2 inhibition could be combined with proliferation-
blocking Mitogen-activated protein kinase kinase (MEK) inhi-
bitor (trametinib) to block tumor growth. While mono-therapy
of EZH2 or MEK inhibition induced a modest effect, the
combinatorial application of EZH2+ MEK markedly decreased
tumor burden in NRAS-mutants, suggesting this may be
a promising therapeutic strategy for this patient population.

Our results suggest reprogramming of bivalent H3K27me3
and broad H3K4me3 domains may function as a mode of gene
regulation during the transition to an invasive state in mela-
noma cells, particularly in NRAS-mutants (Figure 1).
Moreover, we show that combination of EZH2+ MEK inhibi-
tion markedly decreases tumor burden in NRAS-mutant mel-
anomas (Figure 1). Taken together, this study provides
a potential strategy and conceptual advancement for future
therapeutics to focus on targeting these two processes in this
patient population.
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