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Abstract

Epigenetic regulators, when genomically altered, may become driver oncogenes
that mediate otherwise unexplained pro-oncogenic changes lacking a clear
genetic stimulus, such as activation of the WNT/B-catenin pathway in melanoma.
This study identifies previously unrecognized recurrent activating mutations in the
G9a histone methyltransferase gene, as well as G9a genomic copy gains in
~26% of human melanomas, which collectively drive tumor growth and an
immunologically sterile microenvironment beyond melanoma. Furthermore, the
WNT pathway is identified as a key tumorigenic target of G9a gain-of-function,
via suppression of the WNT antagonist DKK1. Importantly, genetic or
pharmacologic suppression of mutated or amplified G9a using multiple in vitro
and in vivo models demonstrate that G9a is a druggable target for therapeutic

intervention in melanoma and other cancers harboring G9a genomic aberrations.

Significance

Oncogenic G9a abnormalities drive tumorigenesis and the ‘cold’ immune
microenvironment by activating WNT signaling through DKK1 repression. These
results reveal a key druggable mechanism for tumor development and identify

strategies to restore ‘hot’ tumor immune microenvironments.
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Introduction
The identification and targeting of genomically altered oncogenic drivers remains
a compelling therapeutic strategy for otherwise incurable cancers. Disruption of
the epigenetic landscape is a relatively common event in cancer, often due to
genetic alterations of epigenetic regulatory genes (1). One epigenetic modifier
that undergoes somatic recurrent activating oncogenic mutations is enhancer of
zeste homolog 2 (EZH2), which can silence expression of target genes (including
tumor suppressors) through H3K27 tri-methylation (2). Recurrent mutations of
EZH2 have been observed within its SET domain, which is well conserved
across SET domain-containing histone methyltransferases (HMTs) and is
essential for their enzymatic activity (3-5). The SET domain-containing HMTs
Mixed Lineage Leukemia 1 (MLL1) (6), MLL3 (7), and NSD2 (8) are also targeted
by gain-of-function genetic alterations that engender oncogenic properties.
Another histone methyl transferase, G9a (gene name Euchromatic
Histone lysine MethylTransferase 2, EHMTZ2), encodes a primary SET domain-
containing enzyme that can catalyze mono- and di-methylation of histone H3K9
in a heterodimeric complex with G9a-like protein (GLP) (9). G9a plays critical
roles in multiple developmental processes and cell fate decisions through
modulation of H3K9me2 levels (10). Genome-wide analysis suggests that
H3K9me2 is functionally linked with transcriptional repression (11). Multiple
studies have reported elevated G9a expression in various cancers and
suggested functional linkages with malignant behaviors of cancer cells (e.g.,

aberrant proliferation, chemoresistance, and metastasis) by silencing tumor
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suppressors (12) and/or activating survival genes (13) or epithelial-to-
mesenchymal transition (EMT) programs (14). In addition, recent functional
studies have implicated G9a’s oncogenic role in MYC-driven tumorigenesis (15).
However, genomic alterations of G9a that could directly trigger oncogenesis have
not been previously identified. Here we report the occurrence of recurrent
activating mutations within the SET domain of G9a and demonstrate their
oncogenic function. We further find that genomic copy gains of G9a are relatively
common in melanomas and other malignancies, and they display very similar
oncogenic activity in vitro and in vivo. G9a is found to function through repression
of DKK1, a negative regulator of the WNT pathway, an important developmental
pathway heavily implicated in numerous malignancies including some in which its

overactivity has lacked prior mechanistic explanation.
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Results

G9a is recurrently mutated and amplified in melanoma patients.

We interrogated publicly available whole-exome sequencing data for human
melanomas and identified 6 cases harboring recurrent G9a point mutations at
glycine 1069 (Fig.1A): four cases with G1069L and two cases with G1069W
(p=8.45e-13). The recurrently mutated site, glycine 1069, resides within the
highly conserved SET methyltransferase domain (Fig. 1A and B; Supplementary
Fig. S1A and S1B; Supplementary Table S1) and aligns two residues from the
corresponding location of activating point mutations in the SET domain of EZH2
(catalytic site Y641, Fig. 1B) (4,5). Furthermore, analysis of all downloadable
copy number datasets from TCGA melanomas using GISTIC revealed a
significant copy number gain (g-value=7.65e-17) at the 6p21 locus (chr6:
30,950,307-33,085,850), which encompasses the G9a gene (Fig. 1C).
Comparable statistically significant amplifications of validated oncogenes known
to be recurrently mutated or focally amplified in melanoma, such as MITF (3p13)
(16), SETDBT1 (1g21) (17), and NEDD9 (6p24) (18), were also observed in the
same datasets (Fig. 1C). In this analysis, 25.8% of melanomas in the TCGA
datasets harbor 3 or more G9a copies (shown in Figure 2A along with data on
the functional implications of 3 or more G9a copies in the section below on the
requirement for G9a in G9a-gained melanomas). These observations are

consistent with the possibility of a gain of function role for G9a in melanoma.
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G9a G1069 mutants complexed with GLP enhance H3K9 methylation levels
and promote melanoma development.
In order to directly determine the functional effect of the G1069L/W point
mutations, we tested the in vitro catalytic activity of wild-type G9a and the
G1069L and G1069W mutants. In the absence of its binding partner GLP, G9a
showed significant catalytic activity on several substrates, but neither G9a
G1069L nor G9a G1069W displayed significant activity in the absence of GLP
(Fig. 1D). We next co-incubated G9a with GLP, which is reported to
synergistically increase catalytic activity (19). The G1069L and G1069W
mutations do not affect binding potential of G9a with GLP (Supplementary Fig.
S1C). However, in the presence of the GLP binding partner, we found that the
G9a G1069L and G1069W mutants enhanced H3K9 methylation to a significantly
greater degree than wild type G9a (Fig. 1D; Supplementary Fig. S1D). Along with
this functional difference, we found that, in the absence of GLP, the G9a
G1069L/W mutants bound to H3K9-monomethylated H3 tail peptides with
increased efficiency compared to wild type G9a (Supplementary Fig. S1E). A
possible explanation for the functional difference warranting further investigation
is that tighter binding of the mutants to H3 peptides impairs binding or proper
positioning of methyl donor S-adenosylmethionine in the G9a active site, which
can be rectified and enhanced by interaction with GLP.

H3K27 methylation was not increased by the G9a G1069L/W mutants
compared to wild type G9a (Supplementary Fig. S1D), suggesting that the

mutations specifically enhance dimethylation of H3K9 without extending
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substrate specificity to the target of the related EZH2 enzyme. Consistent with
these findings, overexpression of the G9a G1069L/W mutants in the human
melanoma cell line UACC62 increased H3K9me2 levels more than
overexpression of wild type G9a (Supplementary Fig. S1F and S1G).

Next, we sought to investigate a functional relationship between the G9a
G1069L/W mutants and melanoma development in established in vitro and in
vivo assays. First, we tested the impact of these mutations on immortalized
human melanocytes (16) (hereafter termed pMEL*) expressing NRAS®'R, These
cells exhibited significantly more anchorage-independent growth after addition of
G9a WT or the G1069L or G1069W mutant; however, the effects of the mutants
were significantly greater than that of wild type G9a (Fig. 1E and F). Similarly,
proliferation of UACC62 melanoma cells was significantly increased by
overexpression of G9a and further enhanced by the G1069L and G1069W
mutants (Supplementary Fig. S1H). These growth advantages were fully
reversed by the G9a/GLP inhibitor UNC0638 (Supplementary Fig. S1l), providing
initial evidence that G9a/GLP inhibitors might be effective in targeting G9a
mutated melanomas.

We also tested the impact of these mutants in a BRAFV600E,p53-/~
zebrafish melanoma model. We used the miniCoopR transgenic system (17) to
express the G9a G1069L/W mutants and wild type G9a and found that both
mutants significantly accelerated melanoma onset compared with EGFP control
(Fig. 1G). Unexpectedly, the role of wild type G9a could not be evaluated in

zebrafish melanomas because its overexpression resulted in a developmental



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

deficiency of melanocytes compared with control and G9a mutant-expressing
zebrafish (Fig. 1H), a phenotype that might be related to the difference in
enzymatic function of wild type G9a vs. the point mutants (see Fig. 1D). Since
the G9a plasmids were injected into single cell embryos, one possibility is that
developing melanocytes with low levels of endogenous zebrafish G9a and GLP
homologs will express an excess of human G9a monomer. In the case of wild
type G9a, which has activity as a monomer in vitro, the excess monomer may
methylate H3 at inappropriate sites and cause aberrant gene repression or
induction that impairs development of melanocyte progenitor cells. On the other
hand, excess mutant G9a monomer will be inactive in melanocyte progenitor
cells in zebrafish embryos if it behaves as it does in vitro, allowing melanocyte
development to proceed until mutant human G9a/zebrafish GLP dimers exert
their tumorigenic effects.

Further confirmation of the oncogenic function of G9a was provided by a
conventional transformation assay in NIH3T3 cells showing copious focus
formation by G9a wild type- and mutant-transduced cells (Supplementary Fig.
S1J). Together, the in vitro and in vivo results suggest that G9a is a novel
melanoma oncogene and the G9a recurrent mutations at G1069 could be driver

mutations for development of melanoma.

G9a is required for melanomagenesis and growth in G9a-gained

melanomas.
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Along with recurrent mutations, copy number gains/amplifications may be drivers
of tumor development in different malignancies with potential for therapeutic
targeting. To interrogate candidate genes within the smallest recurrently
amplified amplicon in the 6p21 locus, 287 TCGA melanomas with both RNA-seq
and SNP array data were analyzed. Amplification of the 6p21 locus is associated
with >1.75-fold increased expression of only 4 out of 119 RefSeq genes within
the 6p21 amplicon relative to unamplified melanomas; one of these 4
overexpressed genes is G9a (Supplementary Fig. S2A). Functional validation
using multiple shRNA hairpins for each candidate gene (CCHCR1, G9a, ZBTB12,
or RNF5) revealed that only knockdown of G9a consistently suppressed the
growth of 6p21-amplified melanoma cell line Hs944T (Supplementary Fig. S2B-
S1D). Moreover, of the 4 candidate genes, only G9a expression correlates
significantly with poorer prognosis among TCGA melanoma patients
(Supplementary Fig. S2E).

Because SNP arrays are only semiquantitative with respect to copy
number, we measured G9a copy numbers using genomic quantitative PCR in 19
melanoma cell lines, including Hs944T cells, which are reported in the Cancer
Cell Line Encyclopedia database to carry G9a amplification (Supplementary Fig.
S3A). All of the G9a alleles in the 19 melanoma cell lines we utilized are wild type.
G9a protein levels that we determined by Western blotting correlated significantly
with copy number (Supplementary Fig. S3B-S3D). Consistently, G9a mRNA
expression levels in G9a copy number-gained and -amplified melanomas are

significantly higher than that in G9a diploid melanomas in the TCGA melanoma
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dataset (Supplementary Fig. S3E). Important for the functional assessment of
G9a activity, western blot analyses indicated that 4 melanoma cell lines with 3 or
more copies of G9a contained significantly higher overall H3K9me2 levels
compared with G9a-unamplified melanoma cell lines or primary human
melanocytes (Fig. 2B; Supplementary Fig. S3F). Importantly, G9a knockdown
selectively suppressed proliferation (Fig. 2C) and anchorage-independent growth
(Supplementary Fig. S3, G and H) of the G9a-gained or -amplified melanoma
lines. In LOX-IMVI, a G9a WT/diploid melanoma cell line expressing a high level
of G9a (Supplementary Fig. S3C), the growth rate was strongly suppressed by
longer treatment (7 days) with G9a knockdown, an effect that was not seen in
other G9a WT/diploid melanoma cell lines (Supplementary Fig. S3l), suggesting
that G9a-high melanoma cells are consistently sensitive to G9a inhibition, but the
molecular kinetics may vary somewhat between G9a-diploid melanoma cells with
relatively high G9a expression and G9a-gained/amplified cells. Conversely, G9a
overexpression significantly enhanced anchorage-independent growth of M14, a
G9a-heterogygous loss melanoma cell line (Supplementary Fig. S3J). Consistent
with the genetic findings, G9a-gained/H3K9me2-high melanoma cells are highly
sensitive to the G9a/GLP inhibitors UNC0638 and BIX01294 compared with G9a-
unamplified/H3K9me2-low melanoma cells and primary human melanocytes (Fig.
2D; Supplementary Table S2). The antiproliferative effect of UNC0638 was
strongly associated with accumulation of LC3B-Il, an autophagy marker (Fig. 2E),
as reported previously (13). Moreover, following treatment with an autophagy

inhibitor, bafilomycin A1, accumulation of LC3B-I and -Il was strongly promoted
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in M14 cells overexpressing wild type G9a, and the elevation was further
enhanced by expression of the oncogenic G1069L/W mutants (Supplementary
Fig. S3K), suggesting that genetic G9a dysregulation confers sensitivity to
autophagy inhibitors. Taken together, these data suggest that G9a is required for
growth and represents a potential therapeutic target in not only melanomas with
G9a point mutations, but also in a larger subset of G9a copy number-gained
melanomas (about 26% of TCGA melanomas, Fig. 2A).

We also tested an additional G9a/GLP inhibitor, UNC0642, with improved
potency and pharmacokinetics over UNC0638 in vivo (20). This inhibitor strongly
suppressed the growth of xenografted tumors of the melanoma cell line K029,
which contain 3 copies of the G9a gene (Fig. 2F; Supplementary Fig. S4A).
UNCO0642 treatment was associated with decreased H3K9me2 and increased
LC3B levels, at well tolerated drug dosing (Fig. 2G; Supplementary Fig. S4B).
UNCO0642 induced complete regression of 20-25% of xenografts from G9a-
gained WM983B and G9a-amplified Hs944T melanoma cells (Fig. 2H;
Supplementary Fig. S4C and S4D) and significantly extended survival (Fig. 2I;
Supplementary Fig. S4E). Similar results were observed in pMEL* cells
expressing BRAFV6E and G9a (pMEL*BRAF/G9a) (16), which exhibit
anchorage independent growth (Supplementary Fig. S4F and S4G) similar to
PMEL*/NRAS/G9a (refer to Fig. 1D-F), as well as G9a-dependent tumor growth
in vivo (Supplementary Fig. S4H-S4K). In contrast, the antiproliferative effect of
UNCO0642 was not seen in G9a diploid/wild type melanoma cell line UACC62 in

vivo (Supplementary Fig. S4L).
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G9a stimulates MITF expression in melanoma through canonical WNT/3-
catenin signaling.

To elucidate potential mechanisms by which G9a regulates proliferation and
melanomagenesis, genome-wide RNA sequencing was performed in G9a-
amplified Hs944T melanoma cells with and without G9a knockdown.
Unexpectedly, microphthalmia-associated transcription factor (MITF), a master
regulator of melanocyte development and survival that is also an amplified or
mutated melanoma oncogene (16,21) was downregulated by G9a knockdown in
the Hs944T cells (Fig. 3A). Consistent with this, several MITF target genes were
significantly downregulated in Hs944T cells upon G9a knockdown (Fig. 3A;
Supplementary Fig. S5A). MITF and its target gene MLANA were also
downregulated consistently by G9a knockdown in G9a-gained WM983B and
K029 melanoma cell lines (Fig. 3B; Supplementary Fig. S5B), but not in multiple
G9a diploid melanoma lines (Fig. 3B; Supplementary Fig. S5C). Note that we
observed unanticipated upregulation of MITF and MLANA upon G9a knockdown
in some G9a diploid or heterozygous loss melanoma cell lines, Mel-juso and M14
(Supplementary Fig. S5C), suggesting differential functions of G9a or feedback
regulation of G9a by MITF in these melanoma cells. Furthermore, reductions of
MITF protein and H3K9me2 levels upon G9a knockdown or G9a/GLP inhibition
were observed in G9a-amplified/gained melanoma cell lines, but not in G9a
diploid UACC62 cells (Fig. 3C and D; Supplementary Fig. S5D). G9a copy

number is positively correlated with MITF expression in the TCGA melanoma
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dataset (Supplementary Fig. S5E). Ectopic MITF was able to partially rescue the
growth defect induced by G9a knockdown or inhibition in G9a-gained and -
amplified melanoma cells, but did not affect the growth of G9a diploid/wild type
melanoma cells with or without G9a knockdown (Fig. 3E; Supplementary Fig.
S5F-S5H), suggesting that G9a controls survival and growth of G9a-
gained/amplified melanomas through the stimulation of MITF expression.
Accumulating evidence has shown that G9a represses transcription
through H3K9 dimethylation (9,11), implying that G9a is likely to elevate MITF
levels indirectly in melanomas containing extra G9a copies. Several signaling
pathways are known to regulate expression of MITF, and genomic dysregulation
of these pathways might contribute to development of melanoma (22). To identify
G9a-regulated pathways that could contribute to MITF downregulation by G9a
knockdown, our RNA-seq data were analyzed by gene set enrichment analysis
(GSEA). GSEA analysis with the KEGG pathway gene sets revealed enrichment
of MITF-related genes in Hs944T-shScr (control) cells, including
KEGG_TYROSINE_METABOLISM and KEGG_MELANOGENESIS
(Supplementary Table S3). GSEA further revealed that target genes of p300
(complexes with CBP) and TCF4 (complexes with LEF1/B-catenin), both of which
are key transcriptional co-factors for MITF expression (23,24), are significantly
enriched among the genes downregulated by G9a knockdown (Supplementary
Fig. S6A). This suggests that suppression of TCF/LEF/B-catenin or p300/CBP
may be involved in MITF downregulation. Furthermore, WNT/B-catenin-

upregulated genes are significantly enriched in Hs944T-shScr cells
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(Supplementary Fig. S6B). Activation of canonical WNT signaling has been
shown to play a vital role in melanocytic development through targeting MITF
(24,25). These observations suggest that G9a may activate the canonical WNT
pathway by repressing known WNT antagonists. Consistent with this possibility,
B-catenin target gene expression, TOPFlash luciferase activity (B-catenin-
activated, TCF/LEF-dependent transcription), and nuclear B-catenin expression
were all significantly decreased by G9a knockdown or G9a/GLP inhibitor
UNC0638 in G9a-gained and -amplified melanoma cells (Fig. 3F and
Supplementary Fig. S6C, and S6D). TOPFlash luciferase activity was not
affected by G9a knockdown in G9a diploid UACC62 cells (Supplementary Fig.
S6E). Importantly, MITF downregulation by UNCO0638 was fully reversed by
ectopic expression of constitutively active p-catenin [B-catenin (S33A)] in G9a-
gained WM938B cells (Fig. 3G). Basal MITF expression was also upregulated by
B-catenin (S33A) in G9a-diploid UACC62 cells, but was not affected by G9a/GLP
inhibitor UNC0638 (Supplementary Fig. S6F). Therefore, G9a stimulates MITF
expression through canonical WNT/B-catenin signaling in G9a copy-gained

melanoma cells.

G9a activates the WNT-MITF axis by repressing WNT antagonist DKK1.

To identify G9a’s target gene that can potentially repress the WNT signaling and
MITF expression, we comprehensively analyzed our RNA-seq data, including
G9a overexpression in pMEL*/BRAF cells and G9a knockdown in Hs944T cells.

DKK1 is consistently down- and up-regulated by G9a overexpression in
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PMEL*/BRAF cells and G9a knockdown in Hs944T cells, respectively (Fig. 4A).
We then examined a publicly available G9a ChIP-seq data set from colon cancer
initiating cells (GSE82131) and found that the putative DKK1 promoter region is
occupied by G9a (Fig. 4B), which we also observed by G9a ChIP-gPCR in
Hs944T, but not in UACC62, melanoma cells (Fig. 4C). Furthermore, ChIP-gPCR
revealed that G9a inhibition with UNC0638 reduced H3K9 dimethylation at the
DKK1 promoter in Hs944T cells and increased occupancy by phosphorylated-
RNApol Il (pSer5, marker of active transcription) (Fig. 4D), suggesting that G9a
directly represses DKK1 transcription through H3K9me2 histone modification.
Consistent with the finding from the genome-wide analysis, expression of DKK1
MRNA and protein was induced by either G9a knockdown or UNCO0638 drug
treatment in G9a-amplified/gained melanoma cells (Fig. 4E; Supplementary Fig.
S6G-S6l). Conversely, DKK1 mRNA and protein expression was repressed,
while MITF, its target TRPM1, WNT target CCND1, and pigmentation increased
upon G9a overexpression in G9a-unamplified melanoma cells (Supplementary
Fig. S7A-S7D). G9a overexpression also suppressed DKK1 protein levels in
G9a-heterogygous loss M14 melanoma cells, along with upregulation of MITF
and increased B-catenin activity and H3K9 dimethylation (Supplementary Fig.
S7E).

To determine whether DKK1 is required for the observed WNT signaling
inactivation, MITF downregulation, and growth inhibition in UNC0638-treated
G9a-gained/amplified melanoma cells, two individual shRNAs targeting DKK1

were tested. In WM983B and Hs944T cells, UNC0638-induced reductions of
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nuclear B-catenin and MITF, as well as upregulation of DKK7 mRNA and
downregulation of MITF RNA, were fully and largely reversed by shDKK1#2 and
shDKK1#3, respectively (Fig. 4F and Supplementary Fig. S7, F and G). In G9a
diploid/wild type UACCB62 cells, on the other hand, both cytosolic and nuclear B-
catenin and MITF protein levels were not affected by UNC0638 with or without
DKK1 knockdown (Supplementary Fig. S7G). Moreover, the growth inhibitory
effects of UNC0638 on G9a-gained WM983B and K029 melanoma cells were
correspondingly completely or largely reversed by shDKK1#2 and shDKK1#3,
respectively (Fig. 4G), as was upregulation of LC3B-Il by UNC0638 (Fig. 4H),
however neither of those effects of UNC0638 were observed in UACC62
melanoma cells with or without DKK7 knockdown (Fig. 4G and H). Conversely,
overexpression of DKK1 in G9a-gained and -amplified melanoma cells was
sufficient to decrease active p-catenin and MITF levels as well as growth
(Supplementary Fig. S7, H and 1). Of note, the G9a G1069L and G1069W
mutants have stronger impacts on the repression of DKK1 and the induction of
MITF than wild-type G9a (Supplementary Fig. S7, J and K). Taken together,
these results suggest that G9a-mediated repression of DKK1 induces activation
of the WNT/B-catenin-MITF axis and thereby enhances the growth potential of

G9a copy number-gained or mutated melanomas.

G9a-DKK1-WNT axis is conserved across multiple cancer types beyond

melanoma.
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Almost one third of primary human melanoma specimens have been reported to
display nuclear B-catenin accumulation without evidence of somatic mutations
within the B-catenin gene (26) or other WNT pathway-related genes (27). G9a
copy number gains correlate significantly with higher WNT signature scores
(p=0.0060, Supplementary Fig. S8A) and occur mutually exclusively with other
known genetic alterations within the p-catenin destruction complex, such as loss-
of-function mutations or deletions in negative regulators of the WNT pathway
(APC, AXIN1, and FAT1 (28)) and gain-of-function mutations in p-catenin
(Supplementary Fig. S8B). Our study links G9a-mediated epigenetic silencing of
DKK1 with aberrant WNT/B-catenin activation in melanoma cells and implies that
G9a genetic alterations may account for such activation in some melanomas that
do not harbor intrinsic WNT pathway somatic mutations that lead more directly to
-catenin accumulation.

The WNT signaling pathway has been strongly implicated in
tumorigenesis of a wide variety of malignancies beyond melanoma (27),
prompting us to examine potential relationships to G9a. We observed the same
G9a-DKK1 inverse correlation in CCLE melanoma and multiple non-melanoma
cancer cell panels, including lung, colon, pancreatic, glioma, and sarcoma (Fig.
5A). Furthermore, GSEA revealed significant positive correlations between G9a
and multiple WNT target gene signatures in melanoma and multiple non-
melanoma cancer cell lines (Supplementary Fig. S8C). In particular, all of the
CCLE cell line panels that showed inverse G9a-DKK1 correlations displayed

positive correlations with the SANSOM_APC_TARGETS_REQUIRE_MYC gene
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set (Fig. 5B). Intriguingly, consistent with the strong susceptibility of G9a-
amplified melanoma to G9a inhibition (Fig. 2), sensitivity to G9a inhibitor BIX-
01294 among 325 cancer cell lines in the Cancer Therapeutics Response Portal

(http://portals.broadinstitute.org/ctrp.v2.2/), including melanoma, lung cancer,

colon cancer, glioma, pancreatic cancer, and sarcoma, correlates significantly
with G9a mRNA level and copy number (Fig. 5C). Several CCLE non-melanoma
cell line panels that did not show a significant correlation between G9a and DKK1
expression still show strong correlations between G9a expression and multiple
WNT target signatures (Supplementary Fig. S8D), suggesting G9a might activate
the WNT signaling pathway through other mechanisms in these cancer types,
such as suppression of other WNT antagonists. These bioinformatic analyses
suggest that the G9a-WNT signaling axis is highly conserved and G9a potentially
contributes to tumorigenesis by activating WNT signaling in a variety of cancers,
not limited to G9a-amplified or -mutated melanomas.

Recently, various molecular and/or genetic alterations in specific cancer
cell-intrinsic oncogenic pathways have been reported to affect the degree of T
cell infiltration into a given tumor, which correlates with response rate to immune-
based therapeutics (29). In melanoma, active B-catenin was implicated in a
poorly immunogenic or ‘cold’ tumor immune microenvironment (e.g., poor
recruitment of CD8* T-cells) and resistance to immune checkpoint (30). On the
other hand, another study utilizing a murine engineered melanoma model did not
observe the same correlation (31). We therefore examined this question for

G9a/WNT activated tumors. We found that G9a expression and copy number
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gain correlate inversely with T-cell signatures [both Spranger T-cell signature
(30) and Ayers expanded immune signature (32)] in the TCGA melanoma
dataset (Fig. 5D; Supplementary Fig. S8E, S9A and S9B). The correlations of
MITF with some of the immune signature genes, in particular Thi
cytokines/chemokines (e.g., CXCL9, CXCL10, CXCL11, IFNG and STAT1), are
weaker than those of G9a with these genes (Fig. 5D and Supplementary Fig.
S9A). We observed some melanoma cases with G9a amplification that express
low MITF along with low T-cell signatures, suggesting that G9a-induced immune
suppression may be mediated by WNT/B-catenin (upstream of MITF), but not by
MITF. Also, in non-melanoma cancers, inverse correlations of G9a and CD8* T-
cell infiltration are observed (Supplementary Fig. S9C), and are consistent with
the functional immune suppressive role of G9a reported in bladder cancer (33).
To further interrogate this question with an independent melanoma
dataset, 276 primary melanoma specimens obtained from Northern England (the
Leeds Melanoma Cohort- LMC) were molecularly annotated (see Methods) and
analyzed for G9a genomic copy number, G9a expression, immune inflammatory
signature, and patient outcomes. G9a copy number correlated positively with
G9a gene expression, R=0.4, P=4.4x10'® (Supplementary Fig. S10A). This
observation reassured us that further analyses focusing only on copy number
alterations were justifiable. Participants whose tumors had high G9a copy
numbers (highest quartile, N=70) had significantly worse prognoses compared to
those with low G9a copy number tumors (lowest quartile, N=69): HR=2.5,

P=0.001, 95% CIl 1.4-3.9 (Supplementary Fig. S10B). Six immunologically
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different clusters (Consensus Immune Clusters - CICs) were previously reported
among the LMC tumors (34), using the immune gene list adapted from Bindea et
al. (35). One of these clusters (CIC 4) was a subset of tumors characterized as
“cold”. CIC4 was depleted of immune signals (imputed T cell, dendritic cell, and
cytotoxic cell scores), had significantly increased WNT/B-catenin pathway
signaling and the worst survival. On the contrary, CIC2 was identified as immune
rich, with reduced WNT/B-catenin signaling and the best prognosis (CIC 2). We
therefore tested if tumors with a high G9a copy number were associated with
these clusters. Indeed, we found that 69% of CIC4 tumors (“cold’/high B-catenin
subgroup) had a high G9a copy number, a higher percentage than in all other
subgroups, Chi? p=0.017 (Supplementary Fig. S10C). We also performed a
whole transcriptome comparison between tumors with high and low G9a copy
number, to identify genes/pathways that are differentially expressed between
these two tumor groups. Among the pathways that were significantly more highly
expressed in G9a high tumors, Wnt signaling was agnostically identified as a top
correlate (FDR=0.001) (Supplementary Fig. S10D). In a separate whole
transcriptome comparison between tumors with high G9a copy numbers (highest
quartile, N=70) and all of the other tumors in the Leeds cohort (2", 39, and 4t
quartiles, N=206), Wnt signaling was again identified as a top correlate (FDR =
2.19 x 107%) (Supplementary Table S4).

In another publicly available clinical melanoma dataset, higher G9a mMRNA
expression is significantly associated with worse response to anti-CTLA4 therapy

(36) (Figure S10E). Also, G9a expression shows a tendency to be inversely
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associated with median survival rate in response to anti-PD1 in melanoma
patients in two studies (37,38) (Fig. S10F, G9a high vs. low: 542 days vs 718
days). Thus, G9a expression can be a predictable biomarker for the response to
immune checkpoint blockade. Finally, to examine the functional impact of a
G9a/GLP inhibitor on the response to immune checkpoint blockade, we tested
combinatorial therapies of UNC0642 with either anti-PD1 or anti-CTLA4 in a
syngeneic mouse melanoma model using the G9a wild type D4M.3A.3-UV3 cell
line (see Methods). The G9a inhibitor significantly increased complete regression
rates to either anti-PD1 or anti-CTLA4 and extended survival in the mouse model
(Fig. 5E and F). This result raises the potential that G9a inhibition could improve
clinical responses to those immune checkpoint inhibitors in patients with

melanoma.
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Discussion

The relevance of genetic alterations in epigenetic modulators in cancer has been
emphasized by discoveries of high-frequency mutations and copy number
changes (39), suggesting the involvement of epigenetic dysregualtion in cancer
development. In melanoma, H3K9 methylation/demethylation is likely a key
epigenetic modifier of transformation from melanocytes to malignant melanoma
(17,40). G9a is a major H3K9me1/2 histone methyltransferase of euchromatin
and is often upregulated in different types of cancers. It has also been suggested
to mediate aberrant proliferation and metastasis in multiple cancers, however,
genomic abnormalities that could activate G9a’s oncogenic activity have not
previously been identified. Our present study provides evidence that genetic
modifications of G9a, including mutations within the SET domain and copy
number gain/amplification, cause elevated global H3K9me2 levels and
accelerate melanomagenesis in conjunction with BRAF(V600E) and
NRAS(Q61R) both in vitro and vivo. These data strongly support the model that
G9a-G1069 mutations and G9a copy number gain are drivers of
melanomagenesis.

Recurrent gain-of-function mutations within the SET domain have been
reported to constitutively activate enzymatic activity alone and/or in epigenetic
regulatory complexes. For instance, EZH2 Y641, a key component of the
catalytic center for the methyltransferase reaction, has been found to be mutated
in diffuse large B cell lymphoma, follicular lymphoma, and melanoma, and

promotes oncogenic events in association with high H3K27 trimethylation levels
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at target genes of polycomb repressive complex 2 (PRC2) (5). In human G9a,
the corresponding catalytic tyrosine site, Y1067, is located within the same active
site domain as the G1069 residue. G1069 is located adjacent to the histone
binding pocket and probably does not physically interact with the histone tail, as
shown in a study using structural model analysis of H3K9 HMTs (41). However,
replacement of this glycine by a larger hydrophobic non-polar residue (Leu or
Trp) that faces the histone-binding pocket is likely to enhance the hydrophobicity
of this active site pocket, thereby potentially affecting activity and/or histone
binding potential.

Due to the change in the histone binding pocket of G9a caused by the
G1069 recurrent mutations, the mutant proteins have lost basal catalytic activity,
but can induce higher H3K9 methylation than wild type G9a when complexed
with binding partner GLP in biochemical assays and in melanoma cells. Similar
observations have been made with another SET domain-containing
methyltransferase mutant, MLL1 S3865F, the activity of which is also stimulated
by its binding partners WDR5/RBBP5/ASH2L (WRA) via an allosteric mechanism
(6). In addition, MLL3 Y4884C exhibits higher catalytic activity in the WRA
complex than wild type MLL3 complexed with WRA (7). Besides the SET
domain-containing methyltransferases, the catalytically inactive DNA
methyltransferase-like protein DNMT3L interacts with the catalytic domain of
DNMTS3A and specifically recruits the DNMT3A-DHMT3L heteromeric complex to
unmethylated H3K4, demonstrating that DNMT3L has dual functions of binding

the unmethylated histone tail and activating DNA methyltransferases (42). The
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SET domains of G9a and GLP are required for heterodimer formation (19), and
the G9a G1069L/W mutations do not disturb the interaction with GLP
(Supplementary Fig. S1C). Therefore, the G9a G1069L/W mutations may induce
higher levels of H3K9 methylation due to altered binding potential to histone tails
(H3K9me0/1/2 modified histone tails) (Supplementary Fig. S1E) and/or allosteric
mechanisms within the GLP-containing complex.

In addition to the somatic recurrent mutations of G9a, we identified G9a
copy gains in a significant proportion of TCGA melanomas (3 or more copies of
G9a in 25.8% of TCGA melanoma patients). We recapitulated this in primary
melanoma tumors from the Leeds Melanoma Cohort and showed that copy
number is associated with gene expression in that cohort. Furthermore, in an
agnostic interrogation of genes differentially expressed in the G9a high vs. G9a
low primary tumors, WNT signaling is one of the most strongly upregulated
pathways in the G9a high tumors. Our analysis revealed that one or more extra
copies of G9a are strongly associated with higher global H3K9me2 levels and
dependence on G9a for survival in melanoma cells. Future studies should
examine whether elevated H3K9me2 levels predict sensitivity to agents targeting
G9a. More recently, frequent G9a copy number gains have also been in
hepatocellular carcinoma (50% with 3 copies and 10% with 4 or more copies),
and HCCs that express high levels of G9a are dependent on its activity (12),
suggesting that G9a-targeted therapy could be applicable for patients with non-

melanoma cancers.
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There has been a long-standing question of how the WNT/B-catenin
pathway is activated in the many melanomas that lack intrinsic pathway
mutations (26). Here we find that G9a-mediated DKK1 silencing activates the
WNT/B-catenin-MITF axis to promote melanomagenesis. On the other hand,
genetic dysregulation of EZH2 has recently been reported to activate WNT/B-
catenin signaling and metastasis by promoting cilium disassembly and
subsequent nuclear translocation of B-catenin (43). GISTIC analysis revealed
that copy number gain/amplification of G9a (chromosome 6p21) and EZH2
(chromosome 7q34) genomic loci preferentially occur in NRAS- and BRAF-
mutated melanoma subsets, respectively (44), suggesting mutual exclusivity of
G9a and EZHZ2 gain/amplification in melanoma patients. Another epigenetic
modifier, BRCA1-associated protein-1 (BAP1), is frequently somatically
inactivated in cutaneous melanoma, uveal melanoma, renal cell carcinoma and
malignant mesothelioma, and highly-penetrant germline BAP71 mutations
predispose to those malignancies (45). As for the reported tumor suppressive
mechanism, BAP1 can antagonize EZH2/PRC2 or RING1B (RNF2)/PRC1 in a
tissue specific manner (46,47). For instance, while loss of Bap1 activates intrinsic
apoptosis in several mouse cell types (hepatocytes, keratinocytes, fibroblasts,
and embryonic stem cells) in an RNF2-dependent fashion, the Bap1 loss
enhances proliferation of melanocytes in association with upregulation of lineage-
specific oncogenes MITF and BCL2, independently of RNF2 (48). Therefore,
these epigenetic modifiers may share a common endpoint of stimulating WNT

signaling and MITF in melanoma.
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While recent advances in immunotherapy have dramatically improved
clinical prognosis of melanoma, substantial proportions of patients exhibit
treatment resistance (49). Beyond its oncogenic potential in melanoma, WNT/pB-
catenin signaling confers multiple aspects of malignant phenotypes, including
metastasis (50), acquired resistance to BRAF inhibitor (51), and immune evasion
(30). Intriguingly, G9a inhibitor was synergistic with immune checkpoint
blockades in a murine melanoma model (Fig. 5E and 5F). Taken together, these
studies identify G9a as a recurrently mutated and gain-of-function oncogene in
melanoma, and also demonstrate its functional role in stimulating WNT-mediated
oncogenicity, a behavior that appears to be shared among melanoma and
multiple non-melanoma malignancies. Attempts at targeting the WNT pathway
pharmacologically have been underway and will be important to develop further.
In addition, given the druggability of G9a, this pathway could represent a new
therapeutic opportunity both for direct targeting and potentially to enhance

immunotherapy efficacy for certain cancers.
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Methods

Whole exome sequencing datasets

The mutation annotation files of The Cancer Genome Atlas (TCGA) and 15
publicly available whole exome sequencing datasets were downloaded from

(https://gdac.broadinstitute.org) (See Supplementary Table S1). Non-

synonymous G9a mutations were counted in each dataset and the total cases
found in the 16 datasets are summarized in Figure 1A. To evaluate whether the
frequency of non-synonymous mutations at G9a G1069 is significantly higher
than would be expected if the mutation were neutral (median mutation rate of
melanoma:14.4 coding mutations per megabase (39), we computed a one-sided
p-value using the dbinom function (Poisson distribution model) in the R statistical

software as described previously (52).

GISTIC and G9a copy humber analysis

All downloadable batches (180, 198, 206, 240, 262, 277, 291, 316, 332, 358,
388, 393, 408 and 416) of level 3 processed SNP 6.0 array datasets of Skin
Cutaneous Melanoma (SKCM) were obtained from the legacy database of The

Cancer Genome Atlas (https://tcga-data.nci.nih.qgov/docs/publications/tcga/). All

of the SNP array data were compiled in one segmentation file and used for
further Genomic Identification of Significant Targets in Cancer (GISTIC) analysis.
GISTIC analysis was carried out by the GISTIC 2.0 pipeline (GenePattern,

https://genepattern.broadinstitute.orqg/).
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The putative G9a copy number data of 287 TCGA human melanomas were

obtained from cBioportal (http://www.cbioportal.org). Based on their analysis, the

melanomas were ordered according to the G9a copy number (regardless of
focality of the G9a gain or amplification) and the proportion of melanomas
harboring G9a copy number gain (3 or more G9a copies) and amplification (4 or
more copies) were tallied.

The G9a copy number of melanoma cell lines was determined by genomic
DNA quantitative PCR (gPCR). Genomic DNAs of melanoma cells and primary
human melanocytes were isolated using DNeasy Blood & Tissue Kit (Qiagen).
Primers used for copy number analysis are shown in Supplementary Table S5.
The comparative cycle threshold method was used to quantify copy numbers in
the samples. Results were normalized to the repetitive transposable element
LINE-1 as described previously (16). The relative copy number level was
normalized to normal genomic DNA from primary human melanocytes as

calibrator.

Protein alignment and visualization

Amino acid sequences of SET domains of histone methyltransferases were

obtained from NCBI (https:/www.ncbi.nlm.nih.gov) and aligned using the

ClustalX algorithm. The co-crystal structure of G9a and H3 peptide was obtained
from the RCSB Protein Data Bank (PDB: 5jin) and visualized using JSmol

(https://www.rcsb.org).
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Plasmid and mutagenesis

pLenti CMV GFP Blast (659-1) was a gift from Eric Campeau & Paul Kaufman
(Addgene plasmid # 17445) and plLenti6-MK1-EHMT2-V5 was a gift from
Bernard Futscher (Addgene plasmid # 31113). Mutagenesis was performed
using a QuikChange II Site-Directed Mutagenesis kit (Agilent Technologies,
Santa Clara, CA) with specific primer pairs (Supplementary Table S5), resulting
in mutation of G1069 to L or W in G9a. The resulting mutant sequences were
confirmed by conventional Sanger sequencing at the MGH DNA core. The full
length human G9a wild-type and mutant cDNAs were amplified from the pLenti6-
MK1-EHMT2-V5 vector and cloned into pGEX6p1 (GE Healthcare) using the
primers indicated in Supplementary Table S5. G9a WT and G1069 mutant
cDNAs were also cloned into the pENTR-D/TOPQO cloning vector (Thermo
Fisher) and subsequently used to establish MiniCoopR vectors for the zebrafish

melanoma model as described below (see Zebrafish melanoma model and

MiniCoopR system). GFP and MITF were respectively cloned into the pCW45

lentiviral expression vector (Dana-Farber/Harvard Cancer Center DNA Resource
Core) as described previously (53). Human DKK71 cDNA was amplified from
discarded human foreskin and cloned into the pCW45 vector. plLenti-hygro-
hTERT, pLenti-hygro-CDK4 (R24C), and pLenti-hygro-NRAS®'R were gifts from
Ryo Murakami (Cutaneous Biology Research Center, Massachusetts General
Hospital and Harvard Medical School). All pLKO.1-shRNA constructs were

obtained from the Molecular Profiling Laboratory (Massachusetts General
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Hospital Center for Cancer Research). pMD2.G and psPAX2 were gifts from

Didier Trono (Addgene plasmid # 12259 and 12260).

Lentivirus generation and infection

Lentivirus was generated in Lenti-X™ 293T cells (Clontech, 632180). The Lenti-X
cells are transfected using 250 ng pMD2.G, 1250 ng psPAX2, and 1250 ng
lentiviral expression vector in the presence with PEI (MW:25K). For infection with
lentivirus, 0.1-1 ml of lentivirus-containing media was used in the presence of 8

ug/ml Polybrene (Sigma). Selection was performed the day after infection with

puromycin (1 ug/ml) or blasticidin (5 ug/ml).

Preparation of GST-fused recombinant G9a

GST-tagged G9a (GST-G9a) wild-type and G1069 mutants were expressed in
BL21 (DE3) competent cells (Clontech #C2527H) using pGEX6p-G9a constructs.
Briefly, the day after transformation with pGEX6p-G9a, a single clone was
expanded at 37°C until OD600 reached 0.4-0.6 and further cultured in the
presence of 0.5 uM IPTG overnight at room temperature. The BL21 cells were
then lysed by sonication in lysis buffer [100 mM NaH2PO4, 10 mM Tris-HCI
(pH8.0)] supplemented with 1 mM lysozyme, 1 mM PMSF and protease inhibitors
(Roche). Soluble proteins were collected by centrifugation (12,000 rpm, 10 min,
4°C) and applied to GST spin columns (GST Spin Purification Kit, Thermo
Scientific Pierce) according to the manufacture’s instruction. The purified protein

fractions were subsequently subjected to Amicon® Ultra 50K devices to
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concentrate GST-fused G9a proteins and replace the buffer with Mg?+- and Ca?*-
free PBS. GST-G9a protein concentrations were determined by Bradford protein
assay (Pierce) and Coomassie Brilliant Blue (CBB) staining. GST-G9a aliquots

were stored at —80°C before use.

In vitro methyltransferase and pull-down assay

In vitro methyltransferase assays were performed using an MTase-Glo™ kit
(Promega) according to the manufacturer’s instructions. 10 ng/well GST-G9a, 30
ng/well histone substrate [unmodified H3 peptide (Abcam, ab7228)], H3K9-
modified peptides (Epigentek, R-1024, 1026, and 1028), recombinant human
histone H3 (Abcam, ab198757), or human native nucleosome (Thermo Fisher,
141057)], and 2 uM S-adenosyl methionine (SAM) were incubated with or without
recombinant human GLP (Sigma, SRP0383) in the reaction buffer (50 mM Tris-
HCI, pH8.1, 5 mM NaCl, 5 mM MgCI2, 1 mM DTT, 1 mM PMSF, and 1% DMSO)
for 1 h at room temperature. After stopping the reaction, the luminescence
readout was measured using an EnVision 2104 Multilabel Reader (PerkinElmer).
The pull-down assay for recombinant GST-G9a and histone H3 peptides was
carried out using a Pull-Down Biotinylated Protein:Protein Interaction Kit (Thermo
Fisher) with biotinylated histone H3 (1-21) or H3K9-methylated (me1 or me2) H3
tail peptides (Epigentek), according to the manufacturer’s protocol. After elution,
histone H3-interacting GST-G9a WT and mutant proteins were visualized by

immunoblot using anti-GST antibody (ab9085).
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Protein sample preparation

After the in vitro methylation reaction of recombinant H3 protein as described
above, an equal volume of 2x Laemmli sample buffer was added to the reaction
mixture, which was subsequently used for western blotting and CBB staining.

Whole cell lysates were prepared using lysis buffer (25 mM HEPES pH7.7,
0.3 M NaCl, 1.5 mM MgClz, 0.2 mM EDTA, 0.1% Triton X-100) supplemented
with protease inhibitors. Nuclear and cytoplasmic proteins were fractionated
using NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher,
78833) according to manufacturer’s protocols. Histone proteins were extracted
by salt extraction buffer (50 mM Tris-HCI, pH7.6, 0.5M NaCl, 1 % deoxycholic
acid, 1 % SDS and 2 mM EDTA) with protease inhibitors. Protein concentrations
were quantified by the Bradford protein assay (Thermo Fisher, 23236).

Nuclear protein fractions were prepared using a Nuclear Complex Co-IP Kit
(Activemotif). Briefly, after extraction of nuclear proteins, protein samples were
pre-cleared with control IgG and Pierce Protein A/G UltraLink Resin (Life
Technologies, 53133) with 0.25% BSA. Pre-cleared samples were incubated with
2 ug of anti-V5 antibody (Abcam, ab27671) or non-specific normal mouse 1gG
(Santa Cruz Biotechnology, sc-2025) at 4°C overnight and then rotated with
Pierce Protein A/G UltraLink Resin at 4°C for 4h. The beads were washed three

times and subsequently eluted according to the manufacturer’s protocol.

Western blotting
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Protein samples were resolved by SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were blocked in 3% BSA buffer (10 mM Tris-HCI,
pH7.4, 150 mM NaCl, 1 mM EDTA, 0.1% Tween-20 and 3% BSA). Primary
antibodies used for western blotting were: anti-H3K9me1 (Cell Signaling,
#14186), anti-H3K9me2 (Cell Signaling, #4658), anti-H3K9me3 (Wako
Diagnostics/Chemicals, 309-34839), anti-H3K27me1 (Cell Signaling, #7693),
anti-H3K27me2 (EMD Millipore, #04-821), anti-H3K27me3 (Abcam, ab6002),
anti-total H3 (EMD Millipore, 06-755), anti-V5 (Abcam, ab27671), anti-phospho
ERK1/2 (Cell Signaling, #4370), anti-ERK1/2 (Cell Signaling, #4695), anti-G9a
(Cell Signaling, #3306), anti-GLP (Abcam, ab135487), anti-LC3B (Cell Signaling,
#3868), anti-MITF (C5, in-house), anti-active p-catenin (Cell Signaling, #8814), B-
catenin (Cell Signaling, #9587), anti-DKK1 (Santa Cruz, sc-374574), anti-p-actin
(Santa Cruz, sc-47778), anti-a-tubilin (Sigma Aldrich, T9026), anti-Lamin A/C
(Cell Signaling, #4777) and anti-Lamin B (Cell Signaling, #12586). Appropriate
secondary antibodies were used in 5% skim milk/TBST buffer. Protein bands
were visualized using Western lightning plus ECL (Perkin Elmer) and quantified

using Imaged software.

Zebrafish melanoma model and MiniCoopR system

Experiments were performed as published previously (17). In brief, p53/BRAF/Na
one-cell embryos were injected with 20 ng/ul of control or experimental
MiniCoopR (MCR) DNA along with tol2 RNA for integration. Control vectors

expressed EGFP. Embryos were sorted for melanocyte rescue at 5 days post-



731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

fertilization to confirm vector integration. Equal numbers of melanocyte-rescued
embryos were grown to adulthood. Twenty fish were raised per tank to control for
density effects. Raised zebrafish were scored for the emergence of raised
melanoma lesions as published (17).

Zebrafish were anesthetized in 0.16 g¢/L tricaine solution (MS-222) and
oriented in an imaging mold (2% agarose in 1 x PBS). Zebrafish were
photographed at 10 weeks post-fertilization via brightfield microscopy (Nikon DS-
Ri2). Maximum backlight and LED illumination (NII-LED) settings were utilized to

distinguish melanocytes from iridophores.

DKK1 ELISA

Concentrations of secreted DKK1 in culture supernatant were determined
using a Human DKK1 Quantikine ELISA Kit (R&D systems, DKK100) according
to the manufacturer’s protocols. Briefly, after lentivirus-mediated infections with
shG9a- or G9a/V5-expressing vector and proper selections with antibiotics, equal
numbers of infected cells were re-plated in 96-well plates. After 72 h of additional
culture, the culture supernatants were harvested and subsequently subjected to
ELISA. Also, culture supernatants were harvested from DMSO- and UNC0638-
treated cells 72 h after treatment. All of the supernatant samples were stored at

—-80°C after removal of cell debris by centrifugation.

Melanoma cell lines and compounds
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Hs944T, MeWo, SK-MEL-3 and SK-MEL-28 cells were obtained from ATCC.
The WM983B cell line was kindly provided by Meenhard Herlyn (The WISTAR
Institute). The K029 cell line was a gift from Dr. Stephen Hodi (DFCI). UACC257,
UACC62, MALME3M, LOX-IMVI and M14 cells were obtained from the NCI,
Frederick Cancer Division of Cancer Treatment and Diagnosis (DCTD) Tumor
Cell Line Repository. SK-MEL-30 and SK-MEL-119 cells were from Memorial
Sloan Kettering Cancer Center. MEL-JUSO and MEL-HO cells were from DSMZ.
COLO792 cells were purchased from Sigma Aldrich. LB373-MEL cells were from
Ludwig Institute of Cancer Research. The VM10 cell lines was established at the
Institute of Cancer Research, Medical University of Vienna. UACC257, UACC62
and LOX-IMVI melanoma cell lines were cultured in RPMI 1640 supplemented
with 1% penicillin/streptomycin/L-glutamine and 9% FBS in a humidified
atmosphere of 95% air and 5% COz at 37°C. The other melanoma cell lines were
maintained in DMEM with 1% penicillin/streptomycin/L-glutamine and 9% FBS.
Human primary neonatal melanocytes were prepared from discarded foreskins
and maintained in TIVA medium (F12 medium with 1% penicillin/streptomycin/L-
glutamine, 8 % FBS, 50 ng/ml TPA, 225 uM IBMX, 1 uM NasVOs4 and 1 uM
dbcAMP). Most of the melanoma cell lines have been authenticated by our lab
using ATCC’s STR profiling service. The following cell lines have not been
authenticated because no STR profile information for them was found in any
cancer cell line data bank: K029, SK-MEL-119 and VM10.

The C57BL/6 syngeneic mouse melanoma cell line D4M.3A was a gift from

David Mullins (Dartmouth Geisel School of Medicine), and from it a single cell
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clone D4M.3A.3 was derived. D4M.3A.3-UV3 cells were generated by
sequentially irradiating D4M.3A.3 cells in culture three times with 25 mJ/cm? UVB
followed by isolation and propagation of single cell clones from the surviving
population. The UV3 clone was shown by whole exome sequencing to carry 87
mutations/Mb, comparable to somatic mutation rates in human melanomas, and
similar expression of PD-L1, PD-1, and MHC class | and Il relative to parental
D4M.3A.3 cells. D4M.3A.3-UV3 cells were cultured in DMEM with 1%
penicillin/streptomycin/L-glutamine and 10% FBS.

UNCO0638 was purchased from Cayman Chemical (#10734) and
reconstituted with DMSO. UNC0642 was provided from Dr. Jian Jin for in vivo

experiments. Bafilomycin A1 was purchased from EMD Millipore.

Soft agar assay using primary human melanocytes and melanoma cells

Primary human melanocytes were immortalized by simultaneous lentivirus-
mediated infections with pLenti-hTERT, pLenti-CDK4 (R24C) and pLenti-p53DD
(gifts from Ryo Murakami), followed by hygromycin selection for 3 days and
culture for an extended period of time (>30 days) in TIVA media with hygromycin.
The resulting polyclonal populations of pMEL/hTERT/CDK4 (R24C) cells were
termed pMEL* in this study. The pMEL* cells were infected with pLenti-GFP, -
G9a WT, -G9a G1069L or -G9a G1069W. After selection with blasticidin for 1
week, these infected pMEL* cells were subsequently infected with pLenti-
NRAS®'R and selected by growth-factor deprivation in F12 medium

supplemented with 10% FBS and 1% penicillin/streptomycin/L-glutamine.
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BRAFV600E.expressing pMEL* cells were established as described previously
(16). Also, G9a-gained/amplified melanoma cell lines Hs944T and K029 were
infected with shG9a hairpins, followed by puromycin selection for 5 days.
Following these lentivirus infections, pMEL* and melanoma cells were subjected
to a soft agar assay. Briefly, cells (5,000 cells/well in a 24-well plate) were
resuspended in 0.1% agarose-containing DMEM  with 10% FBS and 1%
penicillin/streptomycin/L-glutamine and plated on bottom agar consisting of
0.75% agarose in DMEM. 21 days after culture in the soft agar, whole well
images were obtained and analyzed for total colony numbers using CellProfiler

software (Size: 5-1000, Circularity: 0.2-1).

Transformation assay

NIH3T3 cells were plated in 6-cm dishes (2 x 108 cells per well) and cultured until
the confluency reached approximately 80-90%. The monolayer cells were then
infected with control GFP, wild type G9a, or G1069L/W-mutated G9a lentiviral
construct. A day after infection, the lentivirus medium was replaced with fresh
regular culture medium and cultured for an additional 10 days. The medium was
refreshed every other day. Finally, the cells were fixed with 4% PFA and colonies
were visualized by staining with 0.05% crystal violet. Visible macroscopic

colonies were counted manually.

Cell viability assay
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The growth potential of melanoma cells was determined by colony formation
assay. Briefly, 72 h after lentivirus infections with shRNAs, equal numbers
(10,000 cells/well) of melanoma cells were re-plated in a 12-well plate and further
cultured for 7 days. Cell number was estimated by crystal violet staining followed
by extraction with 10% acetic acid and measurement at 595 nm using a
spectrophotometer (FLUOstar, Omege, BMG LABTECH).

The effect of G9a inhibitor UNC0638 on cell viability was evaluated by
CellTiter-Glo assay (Promega) and measurement of luminescence using an
EnVision 2104 Multilabel Reader (PerkinElmer). Melanoma cells and primary
human melanocytes were plated in 96-well black plates (2,000 cells/well)
(Thermo Fisher, 07200565) and treated with titrated doses of UNC0638 (0 to 5

uM) for 72 h. 1IC50s of UNC0638 were calculated in GraphPad Prism.

In vivo xenograft and syngeneic tumor studies

Female hairless SCID mice (crl:SHO-Prkdcscd Hr™) aged 5-8 weeks were
purchased from Charles River Laboratories. Transformed pMEL* cells
expressing BRAFV600E and either GFP or wild type G9a were inoculated
subcutaneously at bilateral flank positions (1 x 10° cells in 100 pl PBS(-) per
site). Palpable tumor establishment was monitored twice per week and
terminated after 8 weeks. Mice harboring palpable pMEL*/BRAFV6%E/G9a tumors
were subsequently used to test the potency of UNC0642. For longitudinal tumor
treatment studies, 5 x 106 K029, WM983B, Hs944T or UACC62 melanoma cells

in 100 ul PBS(-) were injected subcutaneously into bilateral flanks. Once tumors
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reached 50 mm3, mice were randomly sorted into treatment and control groups
ensuring similar initial tumor size. Mice were treated with 2.5 mg/kg UNC0642 or
vehicle [10% DMSO/90% PBS(-)] 3 times per week. For syngeneic mouse
models, eight-week-old female c57BL/6 mice were obtained from Jackson
Laboratory (Bar Harbor, ME). One million melanoma D4M.3A.3-UV3 cells in PBS
were inoculated subcutaneously in the right flank. Vehicle or UNC0642 (5 mg/kg)
was administrated intraperitoneally daily for the duration of the experiment,
starting 6 days after tumor inoculation. Blocking antibodies, anti-PD-1 (a gift from
Gordon Freeman, Dana-Farber Cancer Institute) and anti-CTLA-4 (BioXcell,
BE0164, clone 9D9), were administrated intraperitoneally on days 7, 9, 11 at a
dose of 200 ug per mouse. For survival studies, mice were sacrificed when
tumors reached a maximum volume of 1000 mms3. All studies and procedures
involving animal subjects were approved by the Institutional Animal Care and
Use Committees (IACUC) of Massachusetts General Hospital and were
conducted strictly in accordance with the approved animal handling protocols.
Tumor volumes were measured using digital calipers and calculated by the

following formula: volume (mm3) = (width? x length)/2.

Immunohistochemistry

K029 tumors were harvested on Day 17 post-treatment with vehicle or UNC0642,
and then were fixed and embedded with formalin and paraffin respectively.
Tumor sections were cut at a depth of 5 microns by a microtome, then dried

overnight in the oven. Tumor sections were deparaffinized and dehydrated
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following the standard procedure. Heat-induced antigen retrieval was performed.
Immunohistochemical staining was performed by incubation of tumor sections
with 1:200 diluted primary antibody for H3K9me2 (Abcam, ab1220) or LC-3B
(Cell Signaling, #3868) at 4°C overnight, followed by incubation with 1:2000
HRP-linked secondary antibody for 30 minutes at room temperature. Staining
results were revealed by applying AEC peroxidase substrate (Vector
Laboratories, SK-4200). Hematoxylin-counterstained slides were mounted with
coverslips, and staining results were analyzed using a Leica DMR microscope

and Nikon NIS-Elements Imaging Software version 4.30.

RNA purification and quantitative RT-PCR (qRT-PCR)

RNA was isolated from melanoma cells at indicated time points using the
RNeasy Plus Mini Kit (Qiagen). mRNA expression was determined using intron-
spanning primers with SYBR FAST gPCR master mix (Kapa Biosystems).
Expression was normalized to RPL11. The primers used for gRT-PCR are shown

in Supplementary Table S5.

Whole transcriptome RNA sequencing (RNA-seq)

Total RNA was extracted from Hs944T melanoma cells 72 h after infection with
pLKO.1-shScr or pLKO.1-shG9a#5. All RNA samples were submitted for Quality
control (QC), cDNA synthesis, library construction, size selection and NGS
sequencing at the Beijing Genomics Institute (BGl, Cambridge, USA). In brief,

during the QC steps, an Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-
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Time PCR System are used in quantification and qualification of the sample
library. The multiplexed library was sequenced using an lllumina HiSeq 4000
system. Reads were aligned to the reference genome (hg19) by STAR 2.5.2.
Reads were counted by HTSeq-0.6.1 using UCSC annotation, as downloaded
from the lllumina iGenomes collection. Only reads with mapping score of 10 or
more were counted. Differentially expressed genes were detected by DESeq2,

using the Wald test.

Gene set enrichment analysis (GSEA)

Gene set enrichment analysis was performed using the GSEA module of

Genepattern (https:/genepattern.broadinstitute.org/). For identifying pathways
that are regulated by G9a, our RNA-seq data set was analyzed by GSEA with the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway gene sets.

For correlation between G9a expression and WNT signature gene sets,
microarray data of CCLE cancer cell line panels (GSE36133) was analyzed using
GSEA. The WNT signature gene set in melanomas was obtained from
GSES32907. Briefly, 396 genes that are significantly upregulated by constitutively
active B-catenin (B-cateninS™) were identified using the Comparative Marker
Selection module (Genepattern) and used as a WNT signature gene set, named
WNT_BETA _CATENIN_MELANOMA, in this study. The
WNT_BETA CATENIN_MELANOMA signature gene set was validated in the
GSE26656 dataset. Other curated WNT signature gene sets tested were

obtained from MSigDB (http:/software.broadinstitute.org/gsea/msigdb). G9a
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expression (probe ID: 207484 _s_at) was used as a continuous label and applied
to GSEA in accordance with gene set-based permutation and Pearson
correlation analysis.

For correlation analysis of WNT signatures scores with genetic alterations
within  WNT pathways, the WNT_BETA_CATENIN_MELANOMA signature
scores were computed by single-sample gene set enrichment analysis (sSGSEA)
(54), which is able to estimate the degree of coordinated up- and down-regulation
of a given gene set, in melanoma cell lines. Genetic profiles (somatic mutations
and copy number variations) for all WNT pathway genes were obtained from the

CCLE data repository (https://portals.broadinstitute.org/ccle/).

Enrichr (http://amp.pharm.mssm.edu/Enrichr/) was used to analyze the

enrichment of downregulated genes by G9a knockdown (283 genes, log2 fold<-

0.585, adjusted p-value<0.05) in annotated genesets (ChEA).

TOPFlash/FOPFlash luciferase assay

M50 Super 8x TOPFlash and M51 Super 8x FOPFlash (TOPFlash mutant)
plasmids were gifts from Randall Moon (Addgene # 12456 and 12457,
respectively). K029 melanoma cells were plated in 24-well plates (5 x 10*
cells/well) the day before transfection. After shScr- or shG9a-mediated
knockdown and subsequent selection with puromycin as described above, the
K029 cells were transfected with TOPFlash or FOPFlash vector (0.8 pg/well)
along with pRL-SV40 Renilla control (0.2 pg/well) using Lipofectamine 2000

transfection reagent (Life Technologies). At 72 h, luciferase readings were made
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using a Dual Luciferase Reporter Assay System (Promega). For testing
UNCO0638 in the TOPFlash/FOPFlash luciferase assay, 24 h after transfection
with the TOPFlash or FOPFlash vector plus pRL-SV40, the transfection medium
was replaced with fresh culture medium (10% FBS, 1% penicillin/streptomycin/L-
glutamine) containing DMSO or 500 nM UNCO0638. 48 h after additional culture in
the presence of DMSO or UNC0638, the K029 cells were subjected to the Dual
Luciferase Reporter Assay. Firefly luciferase values were normalized to Renilla
luciferase values. Results reported are the average of three independent

experiments done in duplicate.

TCGA survival and gene expression analysis

To test the clinical impact of G9a and other candidate genes within the 6p21
amplicon, TCGA melanoma patients were ordered according to each candidate
gene and survival curves were drawn using OncolLnc (http://www.oncolnc.org).

The TCGA RNA-seq data was calculated by RSEM (obtained from cBioportal)
and then used for the gene expression analysis in Figure 5D and Supplementary

Fig. S9A and S9B.

Chromatin immunoprecipitation (ChlP)

ChIPed DNA samples were prepared from 50 million Hs944T cells treated with
500 nM UNCO0638 or DMSO vehicle for 72 h as described previously (55).
Immunoprecipitations were performed with anti-G9a rabbit antibody (Cell

Signaling, #3306), anti-H3K9me2 mouse antibody (Abcam, ab1220), anti-
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phosphor-Polll (Ser5) antibody (Abcam, ab5131), and normal rabbit or mouse
lgG (Santa Cruz, sc-2027 or sc-2025) as controls. gPCR assays were performed
using primers specific for the human DKK1 putative promoter and the RPL30
gene body (see Supplementary Table S5). Ct values of ChlPed DNA samples
were normalized to that of 1% Input. The data represent averages of at least

three independent experiments.

Gene expression analysis in TCGA and Cancer Cell Line Encyclopedia

CCLE

Log-transformed RPKM (Reads Per Kilobase of exon model per Million mapped

reads) in melanoma cell lines and TCGA melanoma patients were obtained from
CCLE and the Genome Data Analysis Center (GDAC). Gene expression data for
88 short-term-cultured melanoma samples were obtained from the Broad
Melanoma Portal

(http://www.broadinstitute.org/melanoma/branding/browseDataHome.jsf).

Correlations between gene expression levels (e.g., G9a vs. DKK1) were

calculated by Spearman’s rank correlation.

BIX-01294 sensitivity and G9a mRBNA levels and copy number variations

CCLE gene expression data for G9a was obtained from GSE36133. Copy
number data for G9a for all CCLE cell lines were obtained from the Broad
Institute website (CCLE_copynumber_byGene 2013-12-03.txt.gz). G9a inhibitor

sensitivity was inferred from the area under the curve (AUC) values obtained
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from the CTRP2.2 database, downloaded from the OCG data portal

(https://ocq.cancer.gov/programs/ctd2/data-portal). For the cancer types in which

correlations of G9a expression with DKK71 expression and WNT pathway
signatures were found as described above, Pearson correlations of the AUC
values for BIX-01294 with G9a expression and G9a copy number values were
calculated using Morpheus software

(https://software.broadinstitute.org/morpheus).

Leeds Melanoma Cohort analysis

Gene expression and copy number alteration data were collected from a cohort
of 2184 primary melanoma patients (essentially treatment naive) recruited in the
North of England (56,57). Transcriptomic data was generated for 703 tumors and
pre-processed as previously described using the lllumina DASL whole genome
array (34), accessible from the European Genome-Phenome Archive with
accession number EGAS00001002922. The study participants gave informed
consent and the study received ethical approval (MREC 1/03/57 and PIAGS-
09(d)/2003).

Next-Generation Sequencing (NGS)-derived copy number alteration
profiles were generated for 276 tumor samples among the 703 transcriptomic-
profiled tumors as described by Fillia et al. (manuscript under revision). Quality
control of the data was amended afterwards. Briefly, the control germline DNA
sequence data, which were obtained from the Phase 3 data of the 1000

Genomes Project (n=312) (ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/phase3/data/)
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that matched the experimental setup (lllumina platform, low coverage, paired end
library layout) was used. In order to create bins or windows of size 10k across
the genome, bamwindow (https:/github.com/alastair-droop/bamwindow) was
utilized. Blacklisted regions (those for which sequence data were unreliable)
were identified and masked. Highly variable regions in the genome were
identified using the QDNASeq package in R and were added to the blacklist. This
pipeline empirically identified highly variable regions including common germline
variations in the genome using the 312 germline controls (58). This step did not
identify any large variation in the germline copy number in the G9a region.
QDNASeq was also used to adjust the read counts from each valid window
based on the interaction of GC content and mappability.

G9a copy number data was categorized to identify “High” and “Low” G9a
tumors as first and fourth quartile, respectively. To test the correlations between
G9a copy number and G9a expression, Spearman’s rank correlation was used.
Survival analysis to assess the association of G9a copy number with melanoma-
specific survival (MSS) was performed using a Cox proportional hazards model
and the significance of this model was assessed by the likelihood ratio test. To
test the differences in proportions of G9a low and high tumors, among the 6
Consensus Immune Clusters (CICs), chi-squared tests were used. Whole
transcriptome differential gene expression levels between low and high G9a
tumors were assessed using Mann-Whitney U tests with the Benjamini-Hochberg
correction for multiple testing (FDR<0.05). Genes identified as significantly

upregulated (z-score<0) or downregulated (z-score>0) were analyzed for
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pathway enrichment using Reactome FIViz software; significance of enriched
pathways was denoted by FDR from hypergeometric tests. The volcano plot was

produced using EnhancedVolcano package in R.

Statistical analysis

The statistical tests indicated in the figure legends were calculated using
GraphPad Prism 7.0 and 8.0. P values < 0.05 were considered statistically

significant.
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Figure Legends

Figure 1. G9a recurrent mutations G1069L/W enhance catalytic activity and
melanomagenesis.

(A) Domain architecture of human G9a and mutations reported in 16 publicly
available whole exome sequence datasets of patient-derived melanomas (2034
cases). Red arrowheads indicate recurrent nonsynonumous mutations. (B)
Alignment of a portion of the human G9a SET domain with 8 different SET
domain-containing histone methyltransferases. The blue and red columns
indicate the highly conserved catalytic site tyrosine (e.g., EZH2 Y641 or G9a
Y1067) and glycine (e.g., G9a G1069 or EZH2 G643), respectively. (C) GISTIC
analysis (see Methods) revealed significant regions of recurrent focal
chromosomal copy number gain/amplification among TCGA human melanomas.
(D) In vitro methyltransferase assay using recombinant human G9a wild type
(WT) and mutants in the presence or absence of recombinant GLP protein with
different substrates: recombinant H3 protein, native human nucleosome,
unmodified H3 tail peptide (1-16), monomethylated H3K9 (H3K9me1) peptide,
and dimethylated H3K9 (H3K9me2) peptide. Data represent mean + SD (n=4,
representative of two independent experiments). (E and F) Representative
images of soft agar culture (E) and colony numbers (F, top) and western blots (F,
bottom) of pMEL* (left lane) and pMEL* transduced with NRAS®6'R and either
GFP, G9a WT, G9a G1069L, or G9a G1069W. Data with error bars represent

mean + SD of 3-4 replicates from a representative of 3 independent experiments.
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Western blots show expression of V5-tagged G9a WT and mutants, as well as
total- and phospho-ERK1/2, a downstream target of NRAS. (G) Kaplan-Meier
plot showing melanoma-free survival of BRAFV600E;tp537 zebrafish injected with
G9a G1069 mutant (pink and green) or EGFP (control, black) miniCoopR
constructs. P-values were calculated by the log-rank (Mantel-Cox) test. The
experiments were repeated twice independently by two different operator, and a
representative cohort is shown. (H) Representative images of the zebrafish
injected with EGFP, G9a WT, G9a G1069L, or G1069W miniCoopR. P-values
were calculated by one-way ANOVA with the Holm-Sidak correction for multiple

pairwise comparisons (D and F). *p<0.05, ***p<0.001, ****p<0.0001.

Figure 2. G9a is required for growth in G9a copy nhumber-gained melanoma
cells.

(A) Proportions of TCGA melanomas with different G9a copy numbers. (B)
Representative western blot of H3K9me2 in melanoma cell lines and primary
human melanocytes. The numbers indicate qPCR-determined G9a copy
numbers in G9a-gained/amplified (red) and -unamplified (black) melanoma lines
and melanocytes; ND, not determined). The experiment was repeated four times
independently (refer to Supplementary Fig. S3F). (C) Colony formation of G9a-
gained or -amplified/H3K9me2-high and H3K9me2-low melanoma cell lines with
G9a knockdown or control shRNA (shLuc). Data represent mean +/— SD of
triplicates. P-values were calculated by one-way ANOVA with the Holm-Sidak

correction for multiple pairwise comparisons. *p<0.05, **p<0.01, ****p<0.0001 vs.
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shLuc. (D) Dose-dependent growth inhibition by UNC0638 in melanoma cell lines
and primary human melanocytes. Data represent mean +/— SD of triplicates from
at least two independent experiments. (E) Western blotting for autophagy marker
LC3B in G9a-gained melanoma cell lines WM983B and K029, and G9a-
unamplified melanoma cell line UACC62. Cells were treated with UNC0638 at
the indicated concentrations for 72h. Representative images from two-
independent experiments were shown. (F) In vivo effect of potent G9a/GLP
inhibitor UNCO0642 (2.5 mg/kg) on growth of xenografts from G9a-
gained/H3K9me2-high melanoma cell line K029. *p<0.05, ***p<0.001 by
repeated measures two-way ANOVA with the Holm-Sidak correction for multiple
pairwise comparisons of the two groups at each time point. N=5/group. (G)
Representative immunohistochemistry images (40X) of H3K9me2 (top) and
LC3B (bottom) in K029 melanoma xenograft tissue samples from mice treated
with vehicle or UNC0642. (H) Growth of individual WM983B xenograft tumors in
mice treated daily with vehicle (10% DMSQO/PBS) (left, n=9) or UNC0642 (2.5
mg/kg) (right, n=10). Red lines (2/10) indicate complete tumor regressions. (l)
Kaplan-Meier survival curves of WM983B-xenografted mice treated with vehicle

or UNC0642 (2.5 mg/kg). **p<0.01 by the log-rank (Mantel-Cox) test.

Figure 3. G9a stimulates MITF expression in melanoma through canonical
WNT/B-catenin signaling.

(A) Volcano plot showing genes that are significantly altered by G9a knockdown
in G9a-amplified Hs944T cells. The one red and six black dots indicate MITF and

several of its target genes. The whole transcriptome RNA-seq was performed in
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duplicate. (B) gRT-PCR for MITF-M upon G9a knockdown in G9a-amplified, -
gained, and G9a diploid melanoma cells. Data represent mean +/— SD of
triplicates. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs. shScr in the same cell
line by two-way ANOVA with the Holm-Sidak correction for pairwise
comparisons. (See also Supplementary Fig. S4, A-C) (C and D) Western blots of
MITF and H3K9me2 72h after (C) G9a knockdown and (D) pharmacological
inhibition in G9a-amplified (Hs944T) or -gained (WM983B and K029) melanoma
cells. Representative images from at least two independent experiments are
shown. (E) Rescue of G9a-amplified or gained melanoma cells from G9a
knockdown by ectopic MITF overexpression. ****p<0.0001 by two-way ANOVA
after normalizing to eliminate the difference between the shScr groups, with the
Holm-Sidak correction for multiple pairwise comparisons. The data represent
mean +/— SD from triplicates. (F) TOP/FOPFlash transcriptional activity 72 h after
G9a knockdown in G9a-gained K029 melanoma cells. FOPFlash is a control
luciferase reporter with mutant TCF/LEF-binding sites. Data represent mean +/—
SD of 3-4 replicates from three independent experiments. (G) Western blots of
MITF and non-phosphorylated (active) B-catenin in G9a-gained WM983B
melanoma cells expressing constitutively active B-catenin (S33A) or empty
vector, following incubation with UNC0638 (750 nM) for 72h. P-values were
calculated by one-way ANOVA with the Holm-Sidak correction for multiple

pairwise comparisons.
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Figure 4. G9a stimulates WNT/B-catenin and subsequent MITF expression
by repressing WNT antagonist DKK1 in melanoma.

(A) Venn diagram shows genes that are downregulated by G9a overexpression
in pMEL*/BRAF and upregulated by G9a knockdown in Hs944T, respectively
(adjusted p-value<0.05). The 41 candidate target genes that overlap in the two
datasets are shown in the box. (B) Snapshot image of G9a ChIP-seq peak in
colon cancer initiating cells (GSE82131) at the putative DKK1 promoter region
(from GENCODE). The publicly available dataset was visualized by IGV
(ver_2.3.55). Green arrows indicate the primer set used for ChIP-gPCR in
subsequent Figures 4C and 4D. (C) G9a ChIP-gPCR for DKK1 promoter in
Hs944T and UACCG62 cells. RPL30 (human RPL30 gene body (exon 3)) serves
as a negative control. (n=3 from two independent experiments). (D) ChIP-gPCR
of (left) H3K9me2 and (right) phosphorylated-RNA-polymerase Il (pSer5) at the
DKK1 promoter region in Hs944T cells. Cells were treated with DMSO or
UNCO0638 (500 nM) for 72 h and subjected to H3K9me2-ChIP or Pol Il (pSer5)-
ChIP. (n=3-4 from two independent experiments). (E) ELISA for secreted DKK1
levels after UNC0638 (500 nM) for 72 h in G9a-amplified (Hs944T), -gained
(WM983B and K029), and G9a diploid (UACC62) melanoma cells. Data
represent mean +/— SD of 3-4 replicates. (F) Western blots of cytosolic and
nuclear B-catenin and MITF expression in UNC0638-treated WM983B-shLuc and
-shDKK1 cells. a-tubulin and LaminA/C served as internal controls for the
cytosolic and nuclear fractions, respectively. Representative images from one of

two independent experiments are shown. (G and H) Growth measured by
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CellTiter-Glo assay (n=4) (G) and western blot of autophagy marker LC3B
(representative images from one of two independent experiments are shown) (H)
in WM983B and K029 cells stably expressing shLuc or shDKK1 hairpins, after
750 nM UNCO0638 treatment for 72 h. P-values were calculated by unpaired, two-
tailed T tests with the Holm-Sidak correction for multiple comparisons (C, D and
E) or by two-way ANOVA with the Holm-Sidak correction for multiple pairwise

comparisons (G). *p<0.05, ***p<0.001, ****p<0.0001.

Figure 5. G9a-DKK1-WNT pathway is highly conserved across cancers and
associated with a ‘cold’ tumor immune microenvironment.

(A) Correlations between mRNA expression levels of G9a and DKK1 in the
indicated CCLE cancer cell line datasets. Each dot indicates one cell line in the
dataset. (B) GSEA showing correlations between G9a expression and the WNT
target gene set SANSOM_APC_TARGETS_REQUIRE_MYC (from MSigDB), in
the same CCLE datasets as in (A). (C) Correlation between sensitivity to G9a
inhibitor BIX-01294 (area-under-the-curve metric) and G9a mRNA level or copy
number across cancers available in the CTRPv2 dataset. (D) Hierarchical
clustering of 367 TCGA melanoma patients with average linkage by G9a copy
number/expression and Spranger T-cell signature genes. Correlations between
G9a expression and each T-cell signature gene were analyzed by Spearman’s
rank correlation. (E and F) Kaplan-Meier plots showing overall survival of mice
harboring D4M.3A.3-UV3 tumors and treated with vehicle (n=6; gray dotted line),

UNCO0642 (5 mg/kg) (n=6; gray dashed line), anti-PD-1 (F) or anti-CTLA-4 (G)



1400 (n=6; gray dashed line), or combination therapy (UNC0642 + either anti-PD-1 or
1401 anti-CTLA-4) (n=8; black solid line). P-values were calculated by the log-rank

1402  (Mantel-Cox) test.
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