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Oncogene-targeted and immune checkpoint therapies have revolutionized the clinical management of malignant
melanoma and now offer hope to patients with advanced disease. Intimately connected to patients’ overall clinical risk is
whether the initial primary melanoma lesion will metastasize and cause advanced disease, but underlying mechanisms
are not entirely understood. A subset of melanomas display heightened peroxisome proliferator–activated receptor γ
coactivator 1-α (PGC1α) expression that maintains cell survival cues by promoting mitochondrial function, but also
suppresses metastatic spread. Here, we show that PGC1α expression in melanoma cells was silenced by chromatin
modifications that involve promoter H3K27 trimethylation. Pharmacological EZH2 inhibition diminished H3K27me3 histone
markers, increased PGC1α expression, and functionally suppressed invasion within PGC1α-silenced melanoma cells.
Mechanistically, PGC1α silencing activated transcription factor 12 (TCF12), to increase expression of WNT5A, which in
turn stabilized YAP protein levels to promote melanoma migration and metastasis. Accordingly, inhibition of components
of this transcription-signaling axis, including TCF12, WNT5A, or YAP, blocked melanoma migration in vitro and
metastasis in vivo. These results indicate that epigenetic control of melanoma metastasis involved altered expression of
PGC1α and an association with the inherent metabolic state of the tumor.
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Introduction
Recent breakthroughs in the clinical management of malig-
nant melanoma, which include treatment using BRAF(V600E)- 
targeted drugs and immune checkpoint–blocking antibodies, 
now improve survival for patients with advanced stage disease 
(1). While these remarkable achievements provide some patients 
with lasting benefit, others will not respond at all, and many will 
progress after a temporal respite. Similarly, early detection and 
surgical resection improves the outcome for patients with primary  
disease, yet some will find their disease recurring with some laten-
cy. A mechanistic understanding of who has a heightened risk of 
having their primary disease recur would help improve clinical 
management and patient outcomes by the use of increased sur-
veillance and adjuvant stage treatment. Now replaced by the 
American Joint Committee on Cancer (AJCC) staging system, 
the pathologically assessed measures of Breslow thickness and 
Clark level were classical clinical prognostic factors of primary 
melanoma patient risk (2). These measures specifically address 
the vertical growth by depth (Breslow thickness) and cutaneous 
level engagement (Clark level) of the primary melanoma lesion 
and hence describe the local invasive characteristics. The under-
lying mechanisms that functionally contribute to vertical mela-
noma growth, and ultimately metastasis, are, however, not fully 

understood. Melanoma metastatic spread is believed to involve 
switching of melanoma cell behaviors from a proliferative pro-
gram toward migratory and invasive characteristics (3). Intimately 
connected to the proliferative state is expression of differentia-
tion-associated melanocyte markers, and conversely, their loss 
correlates with metastatic spread (4). Increased Rho GTPase, inte-
grin, and TGF-β signaling have also been shown functionally to 
promote metastasis (5–9). There are additional regulatory mecha-
nisms that contribute to melanoma metastasis, including the Wnt 
and Hippo/YAP signaling pathways (10). To this end, WNT5A is a 
secreted ligand that activates both canonical and alternative WNT 
signaling to promote malignant tumor traits (11–13). Specifically, 
WNT5A acts through the noncanonical pathway and activates 
YAP/TAZ to improve cell migration, and YAP has been associated 
with melanoma lymph node metastasis (14). Interestingly, through 
increasing survival of rare circulating tumor cells, oxidative stress 
resistance has recently been shown to facilitate metastatic spread 
in melanomas (15). However, it is still incompletely understood 
how these components contribute to metastatic spread and their 
regulatory hierarchy.

A subset of human melanomas are endowed with heightened 
levels of the transcriptional coactivator peroxisome proliferator–
activated receptor γ coactivator 1-α (PGC1α), a protein that sup-
ports mitochondrial activity, resistance to oxidative stress, and 
cellular survival (16, 17). In melanoma cells specifically, PGC1α 
expression is regulated by the microphthalmia-associated tran-
scription factor (MITF), the master regulator of melanocyte dif-
ferentiation and survival (18, 19). Interestingly, PGC1α maintains 
melanoma cell survival in response to pharmacological inhibition 
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We compared YAP levels and canonical YAP transcription target 
genes (CTGF, CYR61, AMOTL2) across the A375P (high PGC1α 
expressing) and A375 (low PGC1α expressing) melanoma cell 
line pair (Figure 2B). YAP protein levels and transcriptional tar-
gets inversely related to PGC1α levels. Similarly, across a panel 
of melanoma cell lines, high YAP protein levels correlated with 
low PGC1α protein levels (Figure 2C). In agreement with these 
results, analysis of the Cancer Cell Line Encyclopedia (CCLE) 
(26) showed that, among human melanoma cell lines, PGC1α 
gene expression inversely correlated with the YAP target genes, 
including AMOTL2, CTGF, CYR61, AXL, CRIM1, and FGF2 (Fig-
ure 2D). Similar results were observed in The Cancer Genome 
Atlas (TCGA) human skin cutaneous melanoma specimens (27), 
where low PGC1α gene expression was associated with higher lev-
els of YAP protein (Figure 2E) and activity, which was reflected by 
expression of target genes (Figure 2F). Consistent with YAP being 
downstream of PGC1α, treatment with EZH2 inhibitor GSK126, 
which elevated PGC1α expression, led to a decrease in YAP target 
gene expression (Figure 2G). Taken together, these results indicate 
that PGC1α gene expression is related (inversely) to a presumed 
downstream-acting Hippo/YAP pathway.

PGC1α posttranscriptionally controls YAP protein levels. The 
inverse correlation between PGC1α expression and YAP protein 
levels in melanoma cells prompted us to further investigate whether 
and how PGC1α controls YAP protein amounts. Ectopic expres-
sion of PGC1α reduced YAP protein without changing mRNA 
expression levels (Figure 3, A and B). Suppression of PGC1α using  
shRNA (Figure 3C and Supplemental Figure 1A; supplemen-
tal material available online with this article; https://doi.
org/10.1172/JCI130038DS1) or CRISPR/Cas9-mediated gene 
editing (Figure 3D) increased YAP protein amounts without alter-
ing its mRNA levels. Importantly, these effects were specific to 
PGC1α1 full-length isoform, as ectopic expression of PGC1α4, a 
splicing form that contains the N-terminal transcriptional activa-
tion region, but lacks half of the C-terminus region (28), did not 
affect YAP protein levels (Supplemental Figure 1B). In addition, 
depletion of ERRα, a PGC1α-coactivated transcription factor that 
increases nuclear-encoded mitochondrial gene expression (21), 
did not alter YAP protein amounts (Supplemental Figure 1C). 
To further test how PGC1α controlled YAP amounts, we used 
cycloheximide (CHX) to block protein synthesis and found that 
YAP protein turnover was accelerated when PGC1α was present 
(Figure 3E). Consistent with these effects on YAP protein sta-
bility, MG132-mediated proteasome inhibition abrogated the 
PGC1α-mediated reduction in YAP protein (Figure 3F). Collec-
tively, these results indicate that PGC1α promotes accelerated 
YAP protein degradation in melanoma cells.

PGC1α-dependent decrease of YAP inhibits melanoma migration 
in vitro and metastasis in vivo. YAP protein function has been linked 
to cellular motility (11, 29, 30). Consistent with these findings, our 
data using the mouse B16BL6 melanoma cell line suggest that 
YAP overexpression promotes metastatic spread in congenic mice 
(Supplemental Figure 2A). We therefore assessed whether YAP 
activation contributed to the invasive melanoma phenotype pro-
moted by reduced PGC1α levels. In low PGC1α-expressing, highly 
invasive melanoma cells, inactivation of YAP significantly com-
promised Transwell migration (Figure 4A) as well as lung metasta-

of oncogenic BRAF(V600E) (17), but it also acts as a potent sup-
pressor of cell invasion and metastatic spread (20). Suppression of 
this invasive phenotype was linked to activation of the ID2/TCF4 
axis and increased downstream integrin expression and signaling 
(20), but was mechanistically distinct from its ERRα-dependent 
canonical control of bioenergetic functions (21).

In this work, we show that PGC1α expression in melanoma cells 
is regulated through changes in EZH2-mediated H3K27me3 levels 
at the regulatory PPARGC1A promoter region. PGC1α expression 
levels inversely correlate with YAP activity in melanoma cell lines 
and human specimens. Targeted suppression of PGC1α leads to an 
increase in transcription factor 12–dependent (TCF12-dependent) 
WNT5A expression that activates RhoA GTPase to block protea-
some-mediated degradation of YAP. TCF12, WNT5A, or YAP inhi-
bition suppresses melanoma cell invasion. These results show that 
the WNT5A/YAP melanoma invasive capacity is regulated through 
altered epigenetic histone markers at the PPARGC1A locus.

Results
H3K27me3 suppresses PGC1α gene expression in human melanoma 
cell lines. A subset of melanoma cells express high levels of PGC1α, 
which promote increased mitochondrial biogenesis and resistance 
to oxidative stress, but correspondingly also compromise their 
invasive characteristics (16, 17, 20, 22). Interestingly, in response 
to acute BRAF(V600E) inhibition, there is a marked increase in 
PGC1α gene expression that functionally promotes melanoma 
cell survival (17, 20). These observations prompted us to inves-
tigate how PGC1α expression is transcriptionally controlled in 
melanoma. Specifically, during conditions in which pharmaco-
logical inhibition of BRAF(V600E) using PLX4032 potently leads 
to upregulation of PGC1α transcripts (Figure 1A), we used ChIP 
to analyze alterations in the repressive histone mark H3K27me3 
along the PGC1α promoter region (Figure 1B). Using this approach, 
PLX4032 treatment potently reduced the repressive H3K27me3 
marks within the PGC1α promoter compared with treatment with 
vehicle. Since H3K27me3 is an epigenetic mark associated with 
polycomb repressive complex-2 function, wherein EZH2 is one 
of the main methyltransferases, and more importantly, PGC1α 
expression has been shown to inversely correlate with EZH2 activ-
ity in migratory cells (23), we analyzed the regulation of PGC1α 
expression by EZH2. Treatment with an EZH2 small molecule 
inhibitor GSK126 led to a dose-dependent decrease in H3K27me3 
levels that was mirrored in PGC1α mRNA transcript increases 
(Figure 1C). Similarly, targeted silencing of EZH2 using shRNA 
also elevated PGC1α expression levels in human melanoma cells 
(Figure 1D). Because PGC1α regulates cellular invasion, we sought 
to determine whether EZH2 inhibition could also affect this facet  
of PGC1α function. Indeed, either pharmacological or genetic 
suppression of EZH2 decreased melanoma cell invasion (Figure 
1E). Collectively, these data suggest that altered H3K27me3 his-
tone marks deposited by EZH2 decrease PGC1α expression and 
increase melanoma cell invasion.

PGC1α expression negatively correlates with Hippo/YAP gene sig-
natures in melanomas. The Hippo/YAP pathway has been linked to 
the effects of pharmacological BRAF(V600E) inhibition (24, 25), 
and consistent with these observations, we verified that PLX4032 
treatment indeed suppressed YAP protein expression (Figure 2A). 
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PGC1α mRNA levels across the CCLE human melanoma cell 
lines (Figure 5C). To determine whether WNT5A mediates the 
downstream effects of PGC1α on YAP levels, we knocked down 
WNT5A expression (Supplemental Figure 3B) and found that the 
observed YAP protein accumulation following PGC1α suppression 
was largely prevented (Figure 5D). Furthermore, interfering with 
WNT5A signaling by either blocking WNT5A binding to FZD5 
receptor with a selective peptide antagonist Box5 (Figure 5E) (31) 
or inhibiting WNT5A downstream RhoA GTPase (Supplemental 
Figure 3C) efficiently blunted the effects of PGC1α on YAP pro-
tein stability. In aggregate, these results indicate that suppressing 
PGC1α leads to an increase in WNT5A expression, which in turn 
promotes YAP protein levels and activation in melanoma cells.

We recently showed that in human melanoma, PGC1α 
increases the expression of a basic helix-loop-helix (bHLH) tran-
scriptional repressor ID2, which in turn suppresses the activity 
of a bHLH factor TCF4 on driving integrin gene expression (20). 
To determine whether the ID2/TCF4 complex represents the 
mechanism underlying how suppression of PGC1α leads to an 
increase in WNT5A expression, we genetically manipulated ID2 

sis after tail-vein inoculation (Figure 4B and Supplemental Figure 
2B). Consistent with PGC1α acting upstream of YAP, the functional  
increase in migration (Figure 4C and Supplemental Figure 2, C 
and D) and metastasis (Figure 4D) following PGC1α suppression 
in melanoma could be blocked, at least partially, by YAP depletion. 
These results thus indicate that PGC1α-mediated changes in YAP 
protein levels control melanoma invasion and metastasis.

WNT5A mediates the regulation of YAP by PGC1α. We next 
chose to examine the mechanism by which reducing PGC1α func-
tion stabilizes YAP protein in melanoma cells. Because secreted  
WNT5A was recently shown to increase YAP/TAZ signaling in 
breast cancer (14), we added recombinant WNT5A protein to 
the culture media of A375P melanoma cells and detected a dose- 
dependent increase in YAP protein levels (Figure 5A). Notably, 
WNT5A gene expression was modulated by PGC1α in melanoma 
cells, as shRNA-mediated suppression of PGC1α strongly induced 
WNT5A mRNA transcripts (Figure 5B), while ectopic expression 
of PGC1α suppressed WNT5A gene expression (Supplemental 
Figure 3A). Akin to what occurred with YAP target genes, WNT5A 
gene expression also demonstrated an inverse correlation with 

Figure 1. EZH2-mediated H3K27me3 suppresses PGC1a expression in melanoma cells. (A) mRNA expression levels of PGC1α gene (PPARGC1A) in A375P 
melanoma cells upon treatment with 5 μM of BRAF(V600E) inhibitor PLX4032 overnight (n = 3). (B) H3K27me3 ChIP-qPCR analysis of PGC1α locus in 
A375P melanoma cells treated with or without 5 μM PLX4032 overnight (n = 3). (C) Inhibition of EZH2 by chemical inhibitor GSK126 dose dependently 
reduces H3K27me3 levels, leading to increased expression of PGC1α in A375 melanoma cells (n = 3). GSK126 was treated at the indicated concentrations 
overnight for 14 to 18 hours, followed by Western blotting and qPCR. (D) Knocking down of EZH2 by shRNA induces PGC1α expression in A375 cells (n = 3). 
(E) Concomitant with increased PGC1α expression, suppression of EZH2 results in impaired migration in the highly invasive A375 melanoma cells (n = 3). 
Quantitative results were analyzed by Student’s t test (A, D, E) or 1-way ANOVA (B and C). Data are shown as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 
0.005; ****P < 0.001.
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Figure 2. Expression of PGC1α inversely correlates with Hippo-YAP activity in melanoma. (A) Treatment with 5 μM PLX4032 overnight increases PGC1α 
expression, but suppresses YAP protein abundance in A375P melanoma cells (n = 3). (B) Comparison of YAP protein, mRNA transcript, and transcriptional 
activity between PGC1α-positive A375P and PGC1α-negative A375 melanoma cells (n = 3). (C) YAP protein abundance is higher in a panel of human mela-
noma cell lines with low PGC1α expression. (D) Inverse correlation between PGC1α expression and various YAP target genes in different human melanoma 
cell lines according to CCLE data set. (E) In TCGA skin melanoma data set, samples with higher PGC1α mRNA transcript display lower levels of YAP protein 
measured by RPPA. Analysis was done by Mann-Whitney U test. (F) In TCGA skin melanoma data set, higher PGC1α mRNA expression correlates with 
lower YAP activity reflected by the expression level of its target genes. Of note, YAP1 mRNA transcript is comparable between the 2 groups. (G) Inhibition 
of EZH2 by GSK126 that increases PGC1α expression also suppresses YAP activity in A375 melanoma cells (n = 3). Quantitative results, if not otherwise 
indicated, were analyzed by Student’s t test. Data are shown as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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YAP, functionally contributed to the invasive behavior of mel-
anoma cells downstream of PGC1α. Indeed, WNT5A depletion 
inhibited the migratory ability of the PGC1α-negative, highly 
invasive A375 cells (Figure 6A and Supplemental Figure 4A) as 
well as the PGC1α-depleted A375P cells (Figure 6B). Consistent 
with these results, abrogating WNT5A signaling using the antag-
onist Box5 peptide (Figure 6C) or blocking the downstream 
RhoA activity (Supplemental Figure 4B), both of which have 
been shown to suppress YAP abundance (Figure 5), diminished 
the invasion phenotype of melanoma cells. Similarly, knock-
down of TCF12, which reduced WNT5A expression, significant-
ly impaired migration of melanoma cells with low PGC1α (Fig-
ure 6, D and E) and metastasis in vivo (Supplemental Figure 4C); 
on the other hand, overexpression of TCF12, which elevated  
WNT5A expression and YAP abundance, promoted migratory 
propensity of melanoma (Figure 6F). Interestingly, WNT5A and 
TCF12 expression both have clinical relevance, as high levels of 
these proteins individually predicted worse survival in patients 
with melanoma (Figure 6, G and H). Taken together, these 
results indicate that TCF12/WNT5A controls melanoma inva-
sion downstream of PGC1α.

as well as TCF4 and examined changes in WNT5A expression. 
Although WNT5A expression was regulated by ID2, demonstrated  
by induced expression upon ID2 depletion, and repressed by ID2 
overexpression (Supplemental Figure 3, D and E), it was refractory 
to TCF4 regulation (Supplemental Figure 3, F and G). This sug-
gested that PGC1α might employ an ID2-dependent, yet TCF4- 
independent, mechanism to modulate WNT5A levels. Since ID2 
binds and inhibits a broad number of bHLH transcription factors, 
we searched for other potential targets and found that the E-box 
TCF12 strongly interacted with ID2 in melanoma cells (Figure 5F). 
Deletion of TCF12 was able to reverse the induction of WNT5A 
by PGC1α silencing (Figure 5, G and H) and reduced YAP protein 
abundance (Supplemental Figure 3H), suggesting that TCF12 
is a downstream component. Thus, TCF12 ectopic expression 
in A375P melanoma cells activated WNT5A promoter–driven 
luciferase activity (Figure 5I), which was followed by increased 
WNT5A expression (Figure 5J). Collectively, these results indicate 
that ID2/TCF12 mediates PGC1α-dependent WNT5A expression 
and signaling in melanoma.

TCF12/WNT5A controls melanoma cell invasion. We next 
sought to determine whether TCF12 and WNT5A, similarly to 

Figure 3. PGC1α compromises YAP stability via a proteasome-mediated pathway. (A and B) Overexpression of PGC1α by adenovirus suppresses YAP pro-
tein expression and activity without affecting its mRNA transcript in A375P, A375 (A), and G361 (B) melanoma cells (n = 3). (C and D) Depletion of PGC1α by 
shRNA (C) or CRISPR (D) enhances YAP protein expression and activation without altering its mRNA level in multiple melanoma cell lines (n = 3). (E) YAP 
protein is more stable in A375P cells with PGC1α depletion. Cells were treated with 50 mg/mL of CHX for the indicated period and harvested for immuno-
blotting analysis (n = 3). (F) PGC1α-induced YAP degradation in A375P cells can be blocked by treatment with 10 μM of proteasome inhibitor MG132 over-
night (n = 3). Quantitative results were analyzed by Student’s t test or 1-way ANOVA. Data are shown as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.005.
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Discussion
The general invasive behavior of malignant melanoma is function-
ally related to its rapid metastatic spread to local lymph nodes and 
subsequent progression to distal anatomical sites (32). Current 
treatment strategies include BRAF(V600E)-targeted pharmaco-
logical inhibitors and immune checkpoint–blocking antibodies 
(33–35). This promotes overall survival, but for many patients, their 
disease will return relentlessly after only some temporal respite. 
The molecular mechanisms and components that drive melanoma 
cell invasion are commonly thought to depend on a combination 
of tumor stage, genetic driver (and tumor suppressor) mutations, 
inherent metabolic and energetic status, tumor-immune microen-
vironment interactions, and treatment efficacy (32). Mechanisti-
cally, different canonical pathways, including integrin, TGF-β, and 
WNT signaling, have been shown to control melanoma cell inva-
sion (20). Among the metabolic and energetic melanoma invasive 
dependencies, PGC1α defines a subset of tumors that promote 
survival and suppress metastasis (16, 17, 21). Thus, determining 
how PGC1α gene expression is dynamically controlled in mela-
noma cells will contribute to our understanding of the metastatic 
process. In these studies, we show that PGC1α gene expression 
is epigenetically regulated through EZH2-dependent H3K27me3 
and controls a series of invasive pathways including the WNT5A/
YAP axis (Figure 6I).

H3K27me3 is tightly associated with heterochromatic regions 
and represents an important gene-silencing marker (36). In con-
trast to other histone modifications, H3K27 trimethylation is 
mainly the product of SET domain–containing EZH2 methyl-
transferase and its close homolog EZH1 (37). In melanoma, EZH2 
expression, gene copy number gain, and activating mutations are 

linked to the BRAF(V600E) mutation (38–40). EZH2 has been 
shown to constitute a driver for both melanoma initiation and 
metastatic progression (41–43). We found that BRAF(V600E) 
inhibition reduces H3K27me3 marks and EZH2 occupancy in 
the PGC1α locus, promoting PGC1α gene expression. Thus, con-
sistent with previous reports (23), in melanoma cells, the PGC1α 
gene chromatin site is a direct target of EZH2 that might contrib-
ute to inhibiting invasion and metastasis. These results support 
the prometastatic function of EZH2 in melanoma and define a 
regulatory mechanism we believe is novel. An important ques-
tion derived from these studies is how EZH2 is controlled in dif-
ferent melanomas or cell lines modifying the epigenetic state of 
the PGC1α locus and invasive behaviors. In addition to genetic 
mutations or copy numbers, EZH2 could be regulated through 
mechanisms involving changes in signaling pathways, such as 
direct phosphorylation or metabolic fluxes (44, 45). For example,  
1-carbon metabolism changes cellular levels of SAM, which is an 
EZH2 substrate. Future studies will be needed to define how and 
when EZH2 activity controls PGC1α gene expression in melanoma  
progression or different therapies.

Spatial radial or vertical growth in skin melanomas defines 
the invasiveness capacity and thickness, a major clinical surro-
gate tightly associated with systemic disease (46). PGC1α nega-
tively correlates with vertical growth and suppresses migration 
and invasion (20). We have previously shown that PGC1α inhibits 
invasion through transcriptional control of ID2/TCF4, which in 
turn increases integrin signaling and FAK activation (20). Nota-
bly, as reported in this manuscript, we found that WNT5A/YAP 
constitutes an additional necessary component that drives mela-
noma invasion in cells with low expression or depletion of PGC1α. 

Figure 4. YAP is required for melanoma 
migration and metastasis instigated 
by loss of PGC1α. (A) In highly invasive, 
PGC1α-negative A375 melanoma cells, 
depletion of YAP by shRNA compromises 
its migratory ability (n = 3). (B) In the 
highly migratory murine melanoma cell 
line B16BL6, depletion of YAP by shRNA 
suppresses its invasiveness in congenic 
mice (n = 3 for qPCR and n = 5 mice 
per group). (C and D) In PGC1α-positive 
A375P and G361 melanoma cells, the 
increased metastasis by loss of PGC1α 
can be prevented by depletion of YAP, 
as measured by in vivo lung colonization 
assay (n = 6–16 mice per group). Quanti-
tative results were analyzed by Student’s 
t test (A and B) or 1-way ANOVA (D). 
Data are shown as mean ± SEM if not 
otherwise indicated. *P < 0.05; **P < 
0.01; ***P < 0.005.
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In this case, the regulatory mechanism is through another bHLH 
transcription factor, TCF12, which through direct interaction with 
ID2 controls WNT5A gene expression. Interestingly, WNT5A has 
been associated with melanoma progression and, consistent with 
our results, inhibition of WNT5A to the FZD5 receptor using the 
Box5a peptide antagonist shows efficacy in blocking melanoma 
invasion (31). Similarly to breast cancer cells, WNT5A also signals 
to YAP protein stability through the RhoA GTPase in melanoma 
cells. The precise mechanisms of this regulation are not completely  
understood and might involve YAP phosphorylation by LATS1/2 
at residue Ser127. This results in cytoplasmic retention and sub-
sequent degradation of YAP, which otherwise translocates into 
nucleus to facilitate gene activation (47).

In parallel to suppression of the invasive program, PGC1α 
activates mitochondrial energy metabolism (18). Among the tran-
scription factors involved in this energetic control are the ERRs; 
however, loss of these nuclear receptors is not sufficient to increase 
invasion (21). An intriguing question is whether PGC1α-depen-

dent metabolic reprogramming contributes or supports invasive 
behavior suppression. It is conceivable that this reprogramming 
might confer certain advantages for blocking invasion; however, 
whether metabolites are sufficient to signal or control PGC1α- 
dependent invasion pathways is currently unknown. Interesting-
ly, mevalonate biosynthesis and aerobic glycolysis can affect YAP 
activation (48, 49), contributing to its invasion function.

In summary, these studies identify regulatory mechanisms 
and components upstream (EZH2-dependent H3K27me3) and 
downstream (TCF12/WNT5A/YAP) of PGC1α that control mel-
anoma metastasis. Detection and intervention of these mecha-
nisms in human melanoma patients might provide novel potential 
clinical information and therapeutic treatments for this disease.

Methods
Tissue culture. All melanoma cell lines were obtained from ATCC, and 
their authentication was confirmed by either DNA fingerprinting with 
small tandem repeat profiling or in-house PCR testing of melanoma 

Figure 5. WNT5A mediates YAP regulation by PGC1α. (A) Addition of WNT5A protein in culture media increases YAP protein in a dose-dependent manner 
in A375P cells (n = 3). (B) Knockdown of PGC1α induces WNT5A expression in A375P cells (n = 3). (C) The expression of PGC1α and WNT5A is inversely cor-
related in human melanoma cell lines according to the CCLE data set. (D and E) Silencing WNT5A expression (D) or blocking WNT5A’s binding to its recep-
tor FZD5 (E) in A375P melanoma cells is able to prevent the induction of YAP by loss of PGC1α (n = 3). (F) ID2 is able to interact with TCF12. Cell lysate from 
A375P melanoma cells overexpressing V5-ID2 was subject to immunoprecipitation with V5 antibody, followed by immunoblotting with TCF12 antibody. 
(G) Knockdown of TCF12 is able to prevent the induction of WNT5A by loss of PGC1α in A375P cells (G, n = 3). (H) Knockdown of TCF12 suppresses WNT5A 
expression in PGC1α-negative A375 cells (H, n = 3). (I and J) Overexpression of TCF12 boosts the activity of WNT5A promoter–driven luciferase activity (I, n 
= 7) and WNT5A transcription (J, n = 3) in A375P cells. Quantitative results were analyzed by Student’s t test or 1-way ANOVA (D, E, G). Data are shown as 
mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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ml of puromycin, or 7 μg/ml blasticidin for at least 4 days prior to 
experiments. The shRNA clone for individual genes are as follows:  
shPGC1α, TRCN0000001165; shEZH2, TRCN0000039040; 
shYAP1, TRCN0000107266; and shWNT5A, TRCN0000296083 
(http://portals.broadinstitute.org/gpp/public/). The sgRNA sequences  
for individual genes are as follows: PGC1α, GACTGTCTAGT-
GTCTCTGTG; and WNT5A, CTATGGCTACCGCTTTGCCA.

Immunoblotting and quantitative real-time PCR. Cells were seeded 
in a 6-well plate at a density of 2 × 105/well 1 day before any treatment 
experiment. Treatments were initiated the next day after seeding, and 
samples were collected at particular time points after treatment, as 
indicated for individual experiments. For immunoblotting, cells were 
lysed in RIPA buffer and quantified by the DC Protein Concentration 
Assay Kit (Pierce) before being subjected to SDS-PAGE gel. Total 
RNA was isolated with TRIzol (Invitrogen) by Direct-zol RNA Mini-
Prep kit (Zymo Research), and approximately 1 to 2 μg of total RNA 
was used for cDNA synthesis using the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems). Quantitative PCR (qPCR) was 
carried out using SYBR Green PCR Master Mix (Bio-Rad). Experimen-
tal Ct values were normalized to 36B4, and relative mRNA expression 
was calculated using the ΔΔCt method (50). Sequences for all primers 
are given in Supplemental Table 1.

In vitro migration assay. Transwell chambers were purchased from 
Corning Life Science. Generally, A375P (1 × 105) or A375 (1 × 104) cells 

marker genes and BRAF mutation status. Cells were maintained, if not 
otherwise indicated, in DMEM (Sigma-Aldrich) with 10% FBS, 2 mM 
l-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. All 
cells were cultured in a humidified incubator at 37°C with 5% CO2.

Reagents and antibodies. The BRAF(V600E) inhibitor PLX4032 
and EZH2 inhibitor GSK126 (used at indicated concentrations for 14 
to 18 hours) were purchased from Selleck Chemicals. Recombinant 
mouse WNT5A protein was from R&D Systems. The RhoA inhibitor, 
the cell permeable C3 transferase, was obtained from Cytoskeleton 
Inc. The following antibodies were used: PGC1α (clone H300 and 
D-5, Santa Cruz Biotechnology Inc.; clone ST1202, EMD Millipore), 
ERRα (clone N1, GeneTex), TCF12 (clone D2C10, Cell Signaling), YAP 
(clone D8H1X, Cell Signaling; clone 63.7, Santa Cruz Biotechnology 
Inc.), EZH2 (clone D2C9, Cell Signaling), H3K27me3 (catalog 6002, 
Abcam), tubulin (catalog 210797, Abcam), actin (clone D6A8, Cell Sig-
naling), histone H3 (catalog 12079, Abcam), pERK1/2 (catalog 9101, 
Cell Signaling), ERK1/2 (clone C-9, Santa Cruz Biotechnology Inc.), 
V5 (catalog R960-25, Thermo Fisher), and FLAG (clone M2, Sigma).

Lentiviral generation and transduction. Lentiviruses encoding 
shRNAs or sgRNAs (lentiCRISPRv2, Addgene, catalog 52961) were 
produced in HEK293T cells with packaging vectors (pMD2G and 
psPAX2) using Escort IV Transfection Reagent (Sigma-Aldrich). Len-
tivirus particles were collected 48 hours after transfection and used 
to infect melanoma cells, and infected cells were selected with 2 μg/

Figure 6. TCF12/WNT5A regulates melanoma migration. (A) In highly invasive A375 melanoma cells, depletion of WNT5A by shRNA compromises its 
migratory ability (n = 3). (B and C) In nonmetastatic A375P melanoma cells, increased metastasis by loss of PGC1α can be prevented by depletion of 
WNT5A (B) or by blocking WNT5A interaction with its receptor (C) (n = 3). (D and E) Knocking down TCF12 by siRNA compromises migration in both A375 
(D) and A375P-shPGC1α cells (E). (F) In contrast, TCF12 overexpression increases A375P cell migration (n = 3). (G) Expression levels of WNT5A predict 
survival of patients with early stage melanoma. (H) TCF12 expression correlates with survival of patients with metastatic melanoma. (I) Diagram depicting 
the regulation of melanoma metastasis by PGC1α. EZH2-dependent H3K27me3 suppresses PGC1α expression in melanoma. PGC1α, upon downregulation, 
can trigger ID2/TCF4-dependent activation of the integrin/FAK pathway, as previously reported, and at the same time instigate TCF12-mediated WNT5A 
expression to stabilize YAP. Both integrin/FAK and YAP work coordinately to drive melanoma metastasis. Quantitative results were analyzed by Student’s 
t test or 1-way ANOVA (B, C, E), while survival analysis was done by log-rank (Mantel-Cox) test. Data are shown as mean ± SEM. *P < 0.05; **P < 0.01; ***P 
< 0.005; ****P < 0.001.
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protein A/G-Dynabeads for 2 hours. qPCR with SYBR green was per-
formed to quantify the promoter occupancy. The primers for PCR are 
shown in Supplemental Table 1.

TCGA skin melanoma and CCLE analyses. Publicly available RNA-
Seq–based gene expression data and reverse phase protein array 
(RPPA) data for melanoma tumors were obtained from the TCGA por-
tal. For expression correlation, samples were stratified based on the 
expression level of PPARGC1A (PGC1α), with Z score less than –0.6 
(n = 96) as PGC1α low and Z score greater than 0.8 (n = 44) as PGC1α 
high. Their corresponding YAP1 protein and mRNA expression levels, 
as well as YAP target genes, including CTGF, CYR61, AMOTL2, AXL, 
and FGF2, were plotted. Data were presented as expression median Z 
score. As for TCF12 expression and survival, the mean expression level 
of TCF12 was calculated through all samples (FPKM 8.2); then individ-
ual samples were divided into 2 groups: those with TCF12 FPKM higher  
than 8.2 were considered high expression, while those with FPKM of 
8.2 or less were categorized into low expression. For the analysis of the 
CCLE data set, the gene expression data were downloaded from the 
CCLE portal, and the data from 61 melanoma cell lines were used for 
the analysis.

Statistics. GraphPad Prism was used for statistics. In general, for 
2 experimental comparisons, 2-tailed unpaired Student’s t test was 
used. For multiple comparisons, 1-way ANOVA was applied. When 
cells were used for experiments, 3 replicates per treatment were cho-
sen as an initial sample size. All n values defined in the legends refer to 
biological replicates unless otherwise indicated. A P value of less than 
0.05 was considered significant.

Study approval. All studies in animals were reviewed and approved 
by the Beth Israel Deaconess Medical Center Institutional Animal 
Care and Use Committee.
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in 0.1 mL of FBS-free medium were seeded into the upper chamber 
and incubated overnight. Medium containing 10% FBS was used in 
the lower chamber as chemoattractant except for in the experiment 
shown in Supplemental Figure 4B, which used serum-free medium, 
but supplemented with 400 ng/mL WNT5A, as chemoattractant. 
Cells that had migrated were then fixed and stained with crystal vio-
let. The membrane attached with migrated cells was placed on a glass 
slide; total cells from 3 images taken from 3 random fields under ×10 
magnifications with a Nikon 80i Upright microscope were quantified. 
The control group was set as 100%, and the experimental groups were 
normalized to their respective controls.

Promoter reporter assay. The pGL3-WNT5A promoter reporter vector 
was provided by Hung-Chih Kuo (Academia Sinica, Taipei, Taiwan), with 
the help of Chun-Ying Yu (51). The assay was performed in A375P cells 
stably expressing empty control or TCF12, following a protocol reported 
elsewhere (52) with slight modification. In general, cells were seeded in 
a 24-well plate, followed by transfection with 1 μg of plasmid DNA with 
Escort IV Transfection Reagent. After 24 hours, cells were harvested for 
the Luciferase assay system (Promega) with luminescence measured by 
a FLUOstar Omega plate reader (BMG Labtech). CMV-driven Renilla 
luciferase vector was cotransfected as an internal control. Firefly lucif-
erase reporter values were normalized to Renilla values, and the fold 
changes related to empty vector control were presented.

Animal experiments. Mice were housed in a controlled environ-
ment under a 12-hour dark/12-hour light cycle and provided food 
and water ad libitum. Melanoma cell lines were detached by 0.5 mM 
EDTA in PBS and washed with 1× PBS. A total of 2 × 106 A375P cells 
or 1 × 106 G361 cells in 0.2 mL of DMEM were injected into the tail 
veins of 8-week-old NCI Ath/Nu mice (Charles River). To assess the 
degree of tumor formation in the lung, bioluminescence imaging of 
living mice was performed on a Xenogen IVIS-50TM imaging system 
equipped with an isoflurane (approximately 1% to 3%) anesthesia sys-
tem and a temperature controlled platform (performed by the Long-
wood Small Animal Imaging Facility at Beth Israel Deaconess Medical 
Center, Boston, Massachusetts, USA). Similarly, a total of 1 or 2 × 105 
B16BL6 melanoma cells were injected into the tail veins of 6-week-
old male C57BL/6 mice (Jackson Laboratory), followed by lung tissue 
harvest 3 to 4 weeks after injection. For the subcutaneous model, a 
total of 1 × 105 B16BL6 melanoma cells with scramble control or Tcf12 
knockdown were injected into 1 flank of 4-week-old female C57BL/6 
mice (Jackson Laboratory) in 0.1 mL of PBS, followed by monitoring 
of tumor growth. Lung was harvested at the end point to assess the 
metastasis foci that were derived from the subcutaneous tumor.

ChIP. ChIP was performed with the Millipore ChIP Kit with slight 
modification. Following sonication, nuclear lysates were precleared 
with Protein A/G-Dynabeads (Invitrogen) for 1 hour. Equal amounts 
of precleared lysates were incubated with IgG or specific antibodies 
(H3K27me3 from Abcam) overnight, followed by precipitation with 
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