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ABSTRACT
Background  Despite the remarkable success of 
immunotherapy in treating melanoma, understanding of 
the underlying mechanisms of resistance remains limited. 
Emerging evidence suggests that upregulation of tumor-
specific major histocompatibility complex-II (tsMHC-II) 
serves as a predictive marker for the response to anti-
programmed death-1 (PD-1)/programmed death ligand 
1 (PD-L1) therapy in various cancer types. The genetic 
and epigenetic pathways modulating tsMHC-II expression 
remain incompletely characterized. Here, we provide 
evidence that polycomb repressive complex 2 (PRC2)/
EZH2 signaling and resulting H3K27 hypermethylation 
suppresses tsMHC-II.
Methods  RNA sequencing data from tumor biopsies from 
patients with cutaneous melanoma treated with or without 
anti-PD-1, targeted inhibition assays, and assays for 
transposase-accessible chromatin with sequencing were 
used to observe the relationship between EZH2 inhibition 
and interferon (IFN)-γ inducibility within the MHC-II 
pathway.
Results  We find that increased EZH2 pathway messenger 
RNA (mRNA) expression correlates with reduced mRNA 
expression of both presentation and T-cell genes. Notably, 
targeted inhibition assays revealed that inhibition of EZH2 
influences the expression dynamics and inducibility of the 
MHC-II pathway following IFN-γ stimulation. Additionally, 
our analysis of patients with metastatic melanoma 
revealed a significant inverse association between 
PRC2-related gene expression and response to anti-PD-1 
therapy.
Conclusions  Collectively, our findings demonstrate that 
EZH2 inhibition leads to enhanced MHC-II expression 
potentially resulting from improved chromatin accessibility 
at CIITA, the master regulator of MHC-II. These insights 
shed light on the molecular mechanisms involved in 
tsMHC-II suppression and highlight the potential of 
targeting EZH2 as a therapeutic strategy to improve 
immunotherapy efficacy.

BACKGROUND
Immune checkpoint inhibition (ICI) has 
transformed the landscape of advanced 

melanoma therapy. Monoclonal anti-
bodies that block the interaction between 
programmed death-1 (PD-1) and its ligand 
(PD-L1) have delivered impressive results 
compared with the previous standard-of-
care treatments. Despite the success of ICI, 
durable remission only occurs in approxi-
mately 30–50% of patients with melanoma.1 
Resistance to ICI remains poorly understood, 
and currently, no reliable therapeutic strat-
egies exist to overcome either form of resis-
tance.2 Several factors have been linked to 
resistance to ICI therapy, including low tumor 
immunogenicity (eg, low tumor mutational 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Several studies conducted on murine and patient 
populations have demonstrated the clinical advan-
tages of major histocompatibility complex-II (MHC-
II) expression and its crucial role in responding to 
immunotherapy. Further, it has been shown that 
MHC-II may be epigenetically regulated.

WHAT THIS STUDY ADDS
	⇒ This study identifies polycomb repressive complex 
2 as a mediator of interferon-responsive MHC-II 
induction in melanoma cells and establishes a link 
between this pathway and tumor inflammation. 
Moreover, we independently identified and validat-
ed EZH2 as a mediator of MHC-II proficiency and 
demonstrated broader connections to immunologic 
phenotype in tumors, clinical outcome, and potential 
for therapeutic intervention.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The findings of our study suggest that epigenetic 
inhibitors, such as Food and Drug Administration 
approved EZH2, could be employed to counter re-
sistance to immunotherapy, in part by reinstating 
MHC-II expression.
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burden), the presence of immune-suppressive cells 
within the tumor microenvironment (eg, regulatory T 
cells and myeloid-derived suppressor cells), and modifi-
cations to the antigen presentation pathway (eg, genetic 
and epigenetic changes to major histocompatibility 
complexes-I and -II (MHC-I and MHC-II)).3–8Tumor 
cells can downregulate antigen presentation machinery 
to avoid recognition by cytotoxic CD8+T cells2. Loss 
of MHC-I and MHC-II have been linked to immuno-
therapy resistance, metastatic progression, and decreased 
progression-free survival.8–10 Our group and others have 
shown that tumor-specific MHC-II expression is a clini-
cally valid positive predictive biomarker of response to 
anti-PD-1 and anti-PD-L1 therapies in melanoma10–12 and 
in other cancers.13 14 The MHC-II biomarker is now being 
included as an integrated marker in several upcoming 
phase III clinical trials. Furthermore, MHC-II expres-
sion on tumor cells has been suggested to directly prime 
CD4+T cells, resulting in enhanced tumor immunity.15 16 
Understanding molecular regulators of MHC-II will be 
critical in identifying potential targets for drug combina-
tions to counter the immuno-evasive mechanisms under-
lying anti-PD-1 resistance.

Class II major histocompatibility complex transactivator 
II (CIITA) is the main regulator of the MHC-II pathway and 
has four known transcriptional promoters that are each 
epigenetically regulated in a cell type-specific manner.17 
Previous work has shown that decreased expression of 
enhancer of zeste 2 polycomb repressive complex 2 
subunit (EZH2) results in increased MHC-II gene expres-
sion.18 EZH2 is a histone methyltransferase that binds to 
the CIITA locus and catalyzes the histone trimethylation 
of histone H3 lysine 27 (H3K27me3). It acts as the cata-
lytic subunit of polycomb repressive complex 2 (PRC2).19 
H3K27me3 can be found both at the interferon-gamma 
(IFN-γ)-inducible promoter region and other regula-
tory regions influencing CIITA transcription.20 21 EZH2 
and the PRC2 complex are now clinically targetable,19 
and considering MHC-II expression is a clinically valid 
biomarker (with potential functional relevance) for 
immunotherapy response, we sought to further elucidate 
the relationship between tumor-specific MHC-II suppres-
sion and the PRC2 complex in melanoma.

This study explores EZH2 as a target to upregulate 
MHC-II expression on tumor cells, reinvigorating anti-
tumor T cells and overcoming anti-PD-1 resistance 
through combination therapy. Using publicly available 
RNA sequencing data from tumor biopsies from patients 
with cutaneous melanoma, we established a correlative 
relationship between high expression of PRC2 genes and 
low expression of both antigen presentation and T-cell 
genes. Targeted inhibition assays were used to observe the 
relationship between EZH2 inhibition and IFN-γ induc-
ibility within the MHC-II pathway. Additionally, these 
studies suggested EZH2 inhibition was capable of priming 
MHC-II-deficient melanoma cell lines for IFN-γ-driven 
MHC-II expression. Assays for transposase-accessible 
chromatin with sequencing (ATAC-seq) showed that 

EZH2 inhibition led to open chromatin at the IFN-γ-in-
ducible promoter IV of the CIITA gene (CIITA-pIV) in 
MHC-II-deficient cells resulting in IFN-γ-driven MHC-II 
expression. Finally, RNA sequencing data from tumor 
biopsies of anti-PD-1-treated metastatic melanoma 
patients showed a correlation between PRC2-related 
gene expression and patient response to anti-PD-1. These 
findings provide preclinical data and rationale for using 
combination therapies involving EZH2 inhibition to over-
come anti-PD-1 resistance.

METHODS
Clinical samples
All patients provided informed written consent on insti-
tutional review board (IRB) approved protocols (Vander-
bilt IRB # 030220 and 100178). Clinical samples were 
collected based on availability from tumor biopsies or 
resections and analyzed by RNA sequencing and immu-
nohistochemistry as previously described.11

RNA isolation: 10 µm formalin-fixed paraffin-embedded 
(FFPE) tumor sections were used for RNA purification. 
All FFPE blocks were screened by H&E by a research 
pathologist. Blocks containing at least 20% tumor cellu-
larity were sectioned directly into Eppendorf tubes, 
whereas those containing less than 20% tumor cellularity 
were macrodissected with an RNAase-free sterile razor on 
uncharged glass slides to enrich at least 20% tumor cellu-
larity. RNA was purified using the Maxwell 16 automated 
workstation (Promega) and the LEV FFPE RNA Tissue 
Kit (Promega). RNA concentration was determined by 
spectrophotometry (NanoDrop 2000, Thermo Fisher 
Scientific). Total RNA quality was assessed using the 2200 
TapeStation (Agilent). RNA was sequenced at the Vander-
bilt Technologies for Advanced Genomics (VANTAGE) as 
previously described.11

The Cancer Genome Atlas transcriptional analysis
The melanoma gene expression data set was generated 
by The Cancer Genome Atlas (TCGA) Research Network 
(https://www.cancer.gov/tcga) and accessed using cBio-
Portal.22 23 Z-score normalized gene expression data 
was downloaded from cBioPortal. Genes were manually 
selected based on pathways of interest. Hierarchical clus-
tering (k=3) was performed based on gene expression in 
the R package ComplexHeatmap.24 Z-scored gene expres-
sion was plotted according to hierarchical clustering 
groups. Statistical comparisons were done using Kruskal-
Wallis test with post hoc Dunn tests. Box plots show the 
median, first and third quartiles. The whiskers extend to 
the maxima and minima but no further than 1.5 times 
the IQR.

Flow cytometry
Flow cytometry was performed on an Attune NxT Flow 
Cytometer (Thermo Fisher). Cells were washed in 
phosphate-buffered saline (PBS) and harvested with 
Accutase (EMD Millipore, #SCR005) for 10 min at 

https://www.cancer.gov/tcga
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room temperature. Detached cells were washed once 
in a staining buffer (PBS+1% fetal bovine serum [FBS]) 
and incubated with Zombie Violet Fixable Viability Dye 
(BioLegend 423144) at room temperature for 15 min 
in the dark. Cells were washed once and stained with 
the following antibodies at 4°C for 25 min in the dark: 
PD-L1-APC (BioLegend Clone 29E.2A3, 1:400), HLA-
A,B,C-Alexa Fluor488 (BioLegend Clone W6/32, 1:200), 
and HLA-DR-PE/Cy7 (BioLegend Clone L243, 1:200). 
All data were analyzed using FlowJo software.

Immunoblotting
Cell cultures were washed with ice cold 1× PBS and 
harvested using in 1× radioimmunoprecipitation assay 
buffe (RIPA) buffer (0.1% SDS detergent, 50 mM Tris 
pH 7.4, 150 mM NaCl, 1.0% NP-40, 0.5% deoxycholic 
acid, 1 mM EDTA, 1 mM EGTA, 5 mM sodium pyrophos-
phate, 50 mM NaF, 10 mM β-glycerophosphate) supple-
mented with phosphatase inhibitors (PhosSTOP, Roche) 
and protease inhibitors (cOmplete Protease Inhibitor 
Cocktail, Roche). To extract whole cell protein lysates, 
contents were scraped from the cell culture plates and 
incubated on ice for 30 min before centrifugation at 
13,000×g for 15 min at 4°C. Protein lysates were quan-
titated for protein concentration using a BCA assay 
(Thermo). Samples were separated on NuPAGE 4–12% 
Bis-Tris gels (Invitrogen) and transferred to nitrocel-
lulose membranes. Membranes were blocked with 5% 
non-fat dry milk or 5% bovine serum albumin (BSA) in 
tris-buffered saline supplemented with 0.1% Tween-20 
for 1 hour at room temperature. Membranes were then 
incubated in the appropriate blocking buffer overnight 
at 4°C using antibodies to the indicated targets. Following 
incubation with the proper horseradish peroxidase-
conjugated secondary antibodies, proteins were visual-
ized using an enhanced chemiluminescence detection 
system (Thermo). This study was completed using anti-
bodies specific for the following targets: GAPDH (clone 
0411; sc-47724, Santa Cruz), EZH2 (clone D2C9; #5246, 
Cell Signaling), Tri-Methyl (K27) Histone H3 (clone 
C36B11; #9733, Cell Signaling), PD-L1 (clone E1L3N; 
#13864, Cell Signaling), HLA-A,B,C (clone LY5.1; #sc-
3147, Santa Cruz), and HLA-DR (clone TAL 1B5; #sc-
53319, Santa Cruz).

siRNA transfections
Reverse transfection was carried out in 6-well culture 
plates (Corning) using 2.5 µL of 20 µM EZH2-targeting 
siRNA stock (Thermo Fisher Scientific) and 5 µL of Dhar-
maFECT I transfection reagent (Dharmacon) in 500 µL 
Opti-MEM (Gibco). This was combined with 1×105 cells 
suspended in 2 mL of media. After 48 hours, cells were 
harvested and re-seeded at 1–2×105 cells per well and 
treated with IFN-γ for 24–48 hours and harvested for 
protein, messenger RNA (mRNA), or single cell suspen-
sions 48 hours after transfection.

Cell lines and treatment
Human melanoma cancer cell lines A375 
(DMEM+10% FBS), SKMEL-5 (DMEM+10% FBS), 
SKMEL-28 (DMEM+10% FBS), COLO829 
(RPMI+10% FBS), MeWo (MEM+10% FBS), SKMEL-1 
(MEM+10% FBS), and CHL-1 (DMEM+10% FBS) were 
obtained from American Type Culture Collection. All 
cells were routinely tested for Mycoplasma contamina-
tion. For in vitro experiments involving EZH2 targeting, 
seeded cells were pretreated with 5 µM GSK343 (Selleck-
chem) or 5 µM tazemetostat (Selleckchem) for 3 days 
before the addition of IFN-γ for 24–48 hours.

qPCR analysis
RNA was analyzed for concentration by a NanoDrop 2000 
(Thermo Fisher Scientific) before complementary DNA 
(cDNA) synthesis using SensiFAST cDNA Synthesis Kit 
(Bioline, Meridian Bioscience, Catalog BIO-65054) with 
1 µg of RNA per sample. cDNA and SsoAdvanced Universal 
SYBR Green Supermix (Bio-Rad, Catalog 1725270) were 
then combined with target-specific primers on a CFX96 
Touch Real-Time PCR Detection System (Bio-Rad). Three 
technical replicates were used for each reaction. GAPDH 
was used as the housekeeping gene. Primers used were: 
EZH2: F: 5’-​GACC​TCTG​TCTT​ACTT​GTGGAGC-3’ R: 5’-​
CGTC​AGAT​GGTG​CCAG​CAATAG-3’; CIITA: F: 5'-​CTAC​
TTCA​GGCA​GCAG​AGGAGA-3’ R: 5’-​GCTG​TGTC​TTCC​
GAGG​AACTTC-3’; CD74: F: 5’-​AAGC​CTGT​GAGC​AAGA​
TGCGCA-3’ R: 5’-​AGCA​GGTG​CATC​ACAT​GGTCCT-
3’; GAPDH F: 5’-​TGCACCACCAACTGCTTAGC-3’ 
R: 5’-​GGCA​TGGA​CTGT​GGTC​ATGAG-3’; CIITA-pIV 
(promoter IV) F: F: 5’-AGGGAGAGGCCACCAGCAG-3’ 
R: 5’-GAACTGGTCGCAGTTGATG-3’; CIITA-pIII 
(promoter III): F: 5’-​GCCCTGCTGGGTCCTACCTG-3’ 
R: 5’-GAACTGGTCGCAGTTGATG-3’

Assays for transposase-accessible chromatin with 
sequencing
ATAC-seq libraries were prepared as previously reported 
with minor modifications (Buenrostro et al, 2013). Briefly, 
100,000 CHL1 cells of each sample group were harvested. 
Cells were processed as described with the resulting 
nuclei pellet being resuspended in 95 mL transposition 
reaction mix (10 mM Tris-HCl pH 7.5, 5 mM MgCl2, 
10% dimethylformamide) by pipetting up/down with a 
200 mL micropipette tip five times. 5 mL of pre-assembled 
Tn5 transposome with standard ATAC adapters (included 
below) was added. Tubes were gently agitated and incu-
bated at 37°C, 1 hour, 700 RPM in an Eppendorf Ther-
moMixer. ATAC reactions were purified according to 
manufacturer instructions in a DNA Clean and Concen-
trator-5 kit (Zymo) and eluted in 25 mL nuclease-free 
water. Eluted fragments were amplified and barcoded in 
50 mL PCR reactions (25 mL 2× NEBNext High-Fidelity 
PCR Master Mix, 20 mL eluted ATAC DNA, 2.5 mL 
10 mM i5 index primer, 2.5 mL 10 mM i7 index primer). 
Post-amplification PCR reactions were size selected 
using SPRIselect (Beckman Coulter) according to the 
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manufacturer’s instructions for right side size selection at 
a ratio of 0.6×. Preliminary library analysis for concentra-
tion and size distribution was performed using an Agilent 
2200 TapeStation with a D5000 tape. Primer sequences 
are as follows: Tn5MEREV oligo (5’->3’):/5Phos/CT-
GTCTCTTATACACATCT; Tn51 oligo (5’->3’): ​TCGT​
CGGC​AGCG​TCAG​ATGT​GTAT​AAGA​GACAG; Tn5_2_
ME_Comp oligo (5’->3’): ​TCTC​GTGG​GCTC​GGAG​
ATGT​GTAT​AAGA​GACAG

Statistical analysis
Statistics were performed in GraphPad Prism or R (www.​
r-project.org). In data with two groups, two-sample t-tests 
were used, or Mann-Whitney U tests when indicated. 
For analyses with >2 groups, significant differences were 
determined by analysis of variance with a Tukey’s post hoc 
test adjustment for multiple comparisons. For all multiple 
comparisons, statistical significance is noted by *p<0.05; 
**p<0.01, and ***p<0.001. A p value of <0.05 was consid-
ered statistically significant. Bar graphs show mean±SEM, 
unless otherwise stated in the figure legend.

RESULTS
PRC2-enriched tumors correlate with low gene expression 
patterns of antigen presentation and T-cell infiltration
To determine the relationship between genes encoding 
PRC2 subunits and T-cell genes in melanoma tumors, 
hierarchical clustering was performed using a targeted 
subset of RNA sequencing data (comprising genes asso-
ciated with PRC2, class I antigen presentation, class II 
antigen presentation, T-cell activation and T-cell suppres-
sion) from 363 patient with melanoma tumors in the 
TCGA.10 Three clusters were identified as “PRC2hi”, “T 
cellhi”, or “Intermediate”, which separated tumors by 
the relative expression of the indicated genes involved 
in either PRC2 activity or T-cell response (figure  1A). 
Substantially lower expression levels of T-cell activation/
suppression genes and antigen presentation genes were 
found in PRC2hi tumors, indicating an inverse and poten-
tially antagonistic relationship between PRC2 activity and 
antitumor T-cell responses.

The identified clusters were further used to assess 
the relationship between T-cell response genes and 
PRC2-related genes. PRC2-directed histone methylation 
requires both the catalytic activity of EZH2, as well as the 
targeting of PRC2 to specific genes by Jumoni and AT-rich 
interaction domain-containing protein (JARID2).19 
Therefore, EZH2 and JARID2 were chosen to confirm 
the significance of PRC2 in the altered gene expression 
patterns among the three patient clusters. Both EZH2 and 
JARID2 were expressed at significantly reduced levels in 
T cellhi and Intermediate tumors compared with PRC2hi 
tumors (figure 1B).

In agreement with previous work,18 CIITA expression 
was significantly decreased in both PRC2hi and Interme-
diate tumors compared with T cellhi tumors (figure 1B), 
suggesting that antigen presentation by MHC-II could 

be suppressed at the mRNA level in tumors with highly 
expressed PRC2 genes. This is furthered supported 
by high mRNA expression levels among conventional 
T-cell-related genes cells markers, including total T 
cells (CD3E), T helper cells (CD4), and cytotoxic T cells 
(CD8A), in the T cellhi cluster but significantly reduced 
in the PRC2hi cluster (figure 1A,B). These data suggest 
that the overexpression of PRC2 genes is associated with 
a reduced intertumoral T-cell presence and may antag-
onize the potential for antigen presentation within the 
tumor microenvironment.

HLA-DR-negative melanoma cells have high expression of 
PRC2-related genes
As the TCGA completed RNA sequencing on whole 
tumor samples, the data set is representative of all cell 
types commonly found within the tumor microenviron-
ment, including tumor cells, endothelial cells, normal 
epithelium, and immune cells. To examine the relation-
ship of EZH2 and MHC-II genes specifically in tumor 
cells, real-time quantitative PCR was completed in various 
melanoma cell lines. Human melanoma cell lines express 
varying levels of HLA-DR, an MHC-II surface receptor, at 
baseline and in response to IFN stimulation, indicating 
differences in MHC-II regulation.10 Therefore, to examine 
differences in MHC-II expression and regulation, a panel 
of melanoma cells were stimulated with IFN-γ for 24 hours. 
Within the panel, three cell lines—A375, COLO829, and 
SKMEL-5 demonstrated upregulated human leukocyte 
antigen-DR (HLA-DR) expression (MHC-II-proficient), 
while MeWo, SKMEL-1, and CHL-1 remained HLA-DR-
negative (MHC-II-deficient) (figure  1C). Among the 
panel of MHC-II proficient and deficient cells, mRNA 
expression patterns mirrored trends within the patient 
cohort, showing an inverse correlation in expression 
between EZH2/JARID2 expression and CIITA/CD74 
expression (figure 1D).

Pharmacological or genetic inhibition of EZH2 in MHC-II 
proficient cell lines has modest overall effect on MHC-II 
expression
To examine the effect of EZH2 loss on MHC-II expres-
sion, we first used siRNA to knockdown EHZ2 in three 
MHC-II proficient cell lines. EZH2 knockdown (most 
notable in COLO829), led to modest increases in mRNA 
expression in both CIITA and CD74, a representative 
MHC-II-associated gene (figure 2A). Modest and variable 
increases in total MHC-II protein expression by immuno-
blot (figure  2B) and cell-surface MHC-II expression by 
flow cytometry (figure  2C) were observed, primarily at 
earlier (24 hours) time points. We next tested the effect 
of pharmacologic and genetic, as the intrinsic effects 
of small molecule inhibition are more immediate and 
controllable. A375 and SKMEL-5 were treated with the 
EZH2 inhibitors, GSK343 or tazemetostat, followed by 
IFN-γ stimulation for 0, 24, or 48 hours. In contrast to 
genetic inhibition, pharmacologic inhibition of EZH2 
function led to more appreciable changes in MHC-II 

www.r-project.org
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Figure 1  High expression of PRC2 genes correlates with low expression of tumor-specific MHC class II genes. (A) Cluster 
analysis was performed using z-scores calculated from RNA sequencing expression data of patient with melanoma tumors 
gathered from The Cancer Genome Atlas. (B) mRNA expression of PRC2 genes (EZH2 and JARID2) and T-cell genes (CD3E, 
CD4, CD8A) across T cellhi/(red boxes), Intermediate (blue boxes), and PRC2hi (green boxes) patient clusters. Box plots show 
the median, first and third quartiles. The whiskers extend to the maxima and minima but no further than 1.5 times the IQR. 
Data were analyzed by analysis of variance followed by a Tukey’s post hoc test. ***p<0.001; ****p<0.0001. (C) Flow cytometry 
histograms representing live fractions of interferon-γ-stimulated (red histograms) human melanoma cell lines compared with 
unstimulated controls (gray histograms). Following staining with a live-dead dye, cells were labeled with fluorophore-conjugated 
HLA-DR antibodies. (D) qPCR analysis of human melanoma cell lines characterized for mRNA expression of the indicated genes 
of interest relative to GAPDH mRNA expression values for each cell line. Values were calculated as fold expression relative to 
A375 cells.CIITA, class II major histocompatibility complex transactivator II; EZH2, enhancer of zeste 2 polycomb repressive 
complex 2 subunit; HLA-DR, human leukocyte antigen-DR ; JARID2, Jumoni and AT-rich interaction domain-containing protein; 
MHC, major histocompatibility complexes; mRNA, messenger RNA; PRC2, polycomb repressive complex 2; qPCR, quantitative 
polymerase chain reaction.
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gene and protein expression, both at baseline and after 
IFN-γ stimulation (figure 3A–C), although changes at the 
transcriptional level were more variable (figure  3D,E). 
Thus, in melanoma cells that are already MHC-II profi-
cient, EZH2 inhibition has generally modest effects on 
further increasing MHC-II expression.

EZH2 inhibition converts MHC-II-deficient melanoma cells to 
proficient
Previous studies in multiple cancer types have impli-
cated EZH2 in the genetic repression of various IFN-γ 
targets, including CD274/PD-L1, HLA-A, HLA-B, and 
IRF-1.25 26 Thus, we next hypothesized that the MHC-
II-deficient phenotype may be reflective of broader 

epigenetic defects in inflammatory signaling, and EZH2 
inhibition may produce more robust effects in re-wiring 
IFN responses in MHC-II deficient tumor cells. Surface 
HLA-DR expression was increased in the MHC-II-deficient 
cells after IFN-γ stimulation in the presence of tazemeto-
stat treatment (figure 4A,B). Protein isolates from these 
conditions showed IFN-γ stimulation alone induced PD-L1 
but not HLA-DR, confirming that MHC-II deficiency is 
not associated with complete disruption in IFN-γ response 
signaling (figure 4C). Both MHC-II and MHC-I expression 
were enhanced after tazemetostat pretreatment under 
IFN-γ-stimulated conditions (figure  4C; HLA-DR detec-
tion by western blot was below the limit of detection in 

Figure 2  EZH2 knockdown moderately increases expression of MHC class II. (A) EZH2, CIITA, and CD74 mRNA expression 
in MHC-II-proficient cell lines after transfection with EZH2 siRNA or to non-targeting control (NTC). Values were normalized to 
GAPDH mRNA and calculated as fold expression values relative NTC siRNA. The data shown represents combined technical 
replicates derived from three to four independent experiments. (B) after 24–48 hours IFN-γ stimulation, whole cell protein 
lysates were extracted from siRNA-transfected MHC-II-proficient cell lines probed with monoclonal antibodies specific for the 
indicated proteins. Lysates were normalized to GAPDH expression. Data represent one of two experimental replicates. (C) Flow 
cytometry analysis of MHC-II-proficient cell lines transfected with siEZH2 or NTC and stained with fluorophore-conjugated 
HLA-DR antibodies. The histograms shown in C represent one of at least three independent experiments. CIITA, class II major 
histocompatibility complex transactivator II; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; IFN, interferon; 
HLA-DR, human leukocyte antigen-DR; MHC, major histocompatibility complexes; mRNA, messenger RNA.
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Figure 3  Pharmacological inhibition of EZH2 upregulates interferon-induced major histocompatibility complexes expression. 
(A–B) Flow cytometry analysis of A375 and SKMEL-5 cell lines treated with the indicated EZH2 inhibitor for 5 days. Single cell 
suspensions were stained with fluorophore-conjugated antibodies HLA-DR. *p<0.05 and **p<0.01, one-sample t-test against 
a fold change of 1. (C) After stimulation with IFN-γ for 24–48 hours, whole cell protein lysates were extracted from A375, 
SKMEL-5, and COLO829 cells treated with DMSO or EZH2 inhibitor before being probed for the indicated proteins. Data 
shown represents three independent experiments. (D–E) Relative expression of EZH2, CIITA, and CD74 mRNA extracted from 
melanoma cell lines treated with GSK343 or tazemetostat and stimulated with IFN-γ for 24–48 hours. Samples were normalized 
to GAPDH mRNA and calculated as fold expression relative to the DMSO control. CIITA, class II major histocompatibility 
complex transactivator I; DMSO, dimethyl sulfoxide; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; 
HLA-DR, human leukocyte antigen-DR; IFN, interferon; MFI, mean flourescence intensity; mRNA, messenger RNA; PD-L1, 
programmed death ligand 1.
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SKMEL-1). Additionally, CIITA and CD74 mRNA expres-
sion levels were upregulated at baseline after tazeme-
tostat treatment and became more IFN-γ-responsive 
(figure  4D,E). Overall, tazemetostat-dependent priming 
(ie, pretreatment) for IFN-γ-responsiveness within the 
MHC-II pathway indicates a mechanism for genetic repres-
sion at the MHC-II gene locus, that is, unique from other 
IFN-γ targets (eg, PD-L1)10 and predominantly controlled 
by PRC2/EZH2-dependent methyltransferase activity.

EZH2 inhibition with tazemetostat leads to chromatin 
accessibility at multiple regulatory regions across the CIITA 
locus
We next sought to confirm that EZH2 inhibition resulted 
in direct changes in chromatin accessibility at the CIITA 
locus, the master regulator of MHC-II gene expression. 
We first examined the locus for sites of particular interest 
(figure 5A). There are four known CIITA promoters; the 
dendritic cell promoter (pI), an inadequately defined 
enhancer-like region commonly identified as “pII,” the 
B-cell promoter (pIII), and the IFN-γ-inducible promoter 
(pIV).27 EZH2/PRC2-dependent histone trimethylation 

Figure 4  Tazemetostat reverses major histocompatibility complexes II-specific IFN-γ resistance MeWo, SKMEL-1, and CHL-1 
cells were pretreated with tazemetostat (1 µM or 5 µM) for 3–4 days and stimulated with IFN-γ for 72 hours. (A–B) On harvest, 
cells were stained with the indicated antibodies and visualized for surface expression using flow cytometry. (C) Western blots 
using whole cell lysates and probed with antibodies specific for the indicated targets. HLA-DR expression was below the limit 
of detection for western blot in SKMEL1 (less sensitive than flow cytometry). (D–E) Quantitative real time PCR performed on 
messenger RNA isolates after tazemetostat treatment and IFN-γ stimulation. CIITA, class II major histocompatibility complex 
transactivator I; DMSO, dimethyl sulfoxide; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; HLA-DR, 
human leukocyte antigen-DR; IFN, interferon; MFI, mean flourescence intensity; PD-L1, programmed death ligand 1.
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is thought to recruit DNA methyltransferases to specific 
CpG-rich genomic regions for DNA methylation19; there-
fore, three separate CpG islands were considered in the 
analysis, including a common CpG island located directly 
at CIITA-pIV. Finally, ENCODE chromatin immunopre-
cipitation (ChIP)-seq data for acetylated H3K27 and 
trimethylated H3K4, which function as epigenetic marks 
of active transcription and putative transcription factor 
binding sites, were assessed. These targets include IRF1 

and STAT1, which are necessary for IFN-γ-responsive 
control of CIITA transcription.28

We used ATAC-seq in the MHC-II-deficient melanoma 
cell line CHL-1 to assess the effect of tazemetostat on 
chromatin accessibility, with our analysis focused on these 
sites of interest (figure  5A). As expected, pI was inac-
cessible at baseline and remained inaccessible under all 
treatment conditions, confirming previous reports of pI 
having little to no involvement in IFN-γ-dependent CIITA 

Figure 5  Tazemetostat treatment exposes accessible chromatin at regions containing putative IRF1 and STAT1 binding motifs 
in IFN-γ-stimulated CHL-1 cells. (A) CHL-1 cells were pretreated for 4 days with tazemetostat before 24 hours stimulation with 
IFN-γ. Cells were harvested and processed for assays for transposase-accessible chromatin with sequencing. Black bars 
represent predicted target sites for H3K27me3 marks, CpG islands, and promoters driving transcription of the indicated genes, 
based on the publicly available data from multiple tissue types and conditions in the UCSC database. Putative transcription 
factor (TF) binding sites for IFN-γ signaling (STAT1 and IRF4), based on predictions made using the https://molotool.autosome.
org/and a permissive p value setting of 0.0005. (B) mRNA expression assessed by qPCR using primers specific for the pIII 
and pIV 5’UTR. (C) Correlation matrix for qPCR data across seven cell lines (A375, SKMEL5, COLO829, SKMEL28, MEWO, 
SKMEL1, and CHL1) under interferon-stimulated conditions. CIITA, class II major histocompatibility complex transactivator II; 
DMSO, dimthyl sulfoxide; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; IFN, interferon; JARID2, Jumoni 
and AT-rich interaction domain-containing; mRNA, messenger RNA; pIV, promoter IV; qPCR, quantitative polymerase chain 
reaction; USCS, University of California, Santa Cruz.

https://molotool.autosome.org/
https://molotool.autosome.org/
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transcription.29 However, the “pII” enhancer, already 
accessible at baseline, appeared similarly responsive to 
all treatment conditions, indicating an ability of both 
IFN-γ and tazemetostat to induce activity. Although IFN-γ 
and tazemetostat are capable of inducing “pII” accessi-
bility, open chromatin at “pII” alone is not sufficient for 
the induction of MHC-II expression as demonstrated by 
the lack of response in MHC-II deficient lines (figure 3). 
Similarly, chromatin at pIV opened in response to either 
tazemetostat or IFN-γ as single agents, suggesting that 
neither “pII” nor pIV are sufficient for MHC-II expres-
sion. In contrast, chromatin at pIII and a downstream 
STAT1/IRF4 site uniquely opened in response to the 
combination of tazemetostat followed by IFN stimulation, 
suggesting these sites may cooperate to drive MHC-II 
expression.

Given the context-specific and cell-specific coordina-
tion between activated CIITA promoters and enhancers 
along with previous findings highlighting EZH2-
dependent transcriptional repression of CIITA-pIV,30 we 
measured IFN-γ-responsiveness at pIII and pIV in CHL-1 
cells treated with tazemetostat. Using CIITA-pIII-specific 
or CIITA-pIV-specific primers, quantitative polymerase 
chain reaction (qPCR) was performed to measure CIITA 
promoter activity by gene expression. While similar 
patterns in relative expression were present at both pIII 
and pIV, the combinatorial effect of tazemetostat treat-
ment and IFN-γ stimulation resulted in a substantially 
higher expression enhancement at pIII, consistent with 
our ATAC-seq data (figure 5B,C). When examining gene 
expression data across all cell lines under IFN-γ stimu-
lation conditions, pIII expression correlated strongly 
with total CIITA expression, and negatively with PRC2 
(JARID2/EZH2) gene expression (figure 5C).

High JARID2 mRNA expression correlated with low tumor 
HLA-DR expression and a suboptimal anti-PD-1 response
Previous studies by our laboratory have shown that high 
tumor HLA-DR expression (>5% of tumor cells) by immu-
nohistochemistry (IHC) predicts anti-PD-1 response 
in patients with metastatic melanoma.11 To determine 
if PRC2 gene expression patterns were directly associ-
ated with tumor inflammation, tumor specific MHC-II 
expression, and clinical response to ICI, we performed 
RNA sequencing on a series of 64 metastatic melanomas 
with corresponding immunohistochemical staining for 
HLA-DR in the tumor compartment. As observed with 
the TCGA data, high expression of genes encoding PRC2 
subunits generally correlated with low expression of T cell 
and MHC-II antigen presentation genes (figure  6A–C). 
As we have previously published, an IHC score of 5% cut-
off distinguishing high (≥5%) versus low (≤5%) tumor 
HLA-DR positivity confirmed a significant association 
with higher JARID2 expression in tumor cell-specific 
MHC-II negative tumors (figure 6D).

Patients in this cohort were treated with ICI treat-
ment single agent pembrolizumab (anti-PD-1) with no 
prior anti-cytotoxic T-lymphocyte-associated protein 4 

(anti-CTLA; ipilumumab) therapies (“Ipi-naïve”; n=25), 
with prior ipilumumab treatment (“ipi-progression”; 
n=18), or with combination therapies (n=21). Since these 
groups have previously been shown to have biological 
differences (specifically those with prior ipilumumab31) 
we determined whether PRC2 gene expression was associ-
ated with clinical response to ICI in each group. Patients 
were grouped as responders (those with complete 
response or partial response) or non-responders (stable 
disease or progressive disease). Patients lacking clin-
ical response to anti-PD-1 therapy demonstrated higher 
expression of JARID2, but only in ipilumumab-naïve 
patients (figure 6E–G). Thus, there is evidence that high 
PRC2 expression is associated with MHC-II expression 
and intrinsic resistance to anti-PD-1 therapy. On analyzing 
our patient data, we did not observe a significant correla-
tion between EZH2 expression and response to therapy. 
JARID2 plays a crucial role in coordinating PRC2 recruit-
ment and stimulating H3K27 methylation activity, which 
is essential for epigenetic gene silencing. Therefore, we 
have chosen to present the data as shown to demon-
strate the correlation between DNA methylation, patient 
response, and MHC-II expression

DISCUSSION
Tumor specific MHC-II expression has been demonstrated 
to be a viable clinical predictor of response to anti-PD-1/
L1 immunotherapy in a variety of cancer types, including 
melanoma.10 12–14 32 It has been well-established that 
cancer cells demonstrate distinct differences in the ability 
to upregulate MHC-II, which results in diverse expression 
patterns.10 11 32 Prior studies have demonstrated that a 
cancer cell’s ability to upregulate MHC-II in response to 
IFN stimulation is a unique property of the cell state,33 
and independent of PD-L1 expression.10 Both MHC-
II/CIITA and PD-L1 require JAK/STAT signaling down-
stream of the IFN receptor. Therefore, this uncoupling 
of cellular responses may be due to distinct differences in 
transcription factor presence,28 or due to changes in the 
epigenetic state of the cell.17 27 33 34 Our study suggests the 
use of epigenetic inhibitors may play a role in overcoming 
resistance to immunotherapy at least in part by restoring 
MHC-II expression.

Previous groups have demonstrated that normal epithe-
lial cells35–37 and other cancer-progenitor cell types, 
like melanocytes,38 will express MHC-II under inflam-
matory conditions, suggesting a non-pathogenic func-
tion in immune homeostasis. However, the function of 
these non-professional antigen presenting cells (non-
pAPCs) expressing MHC-II has not been clearly defined. 
Furthermore, these studies suggest the loss of MHC-II 
capacity in cancer may be tumor promoting.39 Another 
study suggested cancer cells are capable of directly 
presenting MHC-II antigens to CD4+T cells, which could 
result in enhanced immunity.15 Despite these functions, 
currently there are no well-established mechanisms for 
self-presentation of MHC-II antigens by non-pAPCs.40 41 
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However, some hypotheses for the utility of non-pAPCs 
to express MHC-II include potential priming via extracel-
lular vesicles or exosomes,42 or as a peripheral tolerance 

mechanism to suppress T-cell responses via binding to LAG3 
on activated lymphocytes.11 Insights into the mechanism 

Figure 6  Anti-PD-1-responsive human metastatic melanoma tumors express lower levels of JARID2 mRNA compared with 
non-responders. (A) Heatmap representing human melanoma RNA sequencing z-scores of genes relevant to PRC2, T cells, and 
antigen presentation by MHC-I and MHC-II. Samples were ordered by increasing JARID2 mRNA expression. (B) Summation 
scores of Z-standardized T-cell signature genes stratified by median JARID2 mRNA. (C) Summation scores of Z-standardized 
MHC-II signature genes stratified by median JARID2 mRNA. (D) Z-standardized JARID2 mRNA stratified by tumor-specific (IHC) 
HLA-DR status using a defined 5% cut-off. (E–G) JARID2 mRNA expression z-scores in responders (complete response/partial 
response) compared with non-responders (progressive disease/stable disease) in patients given anti-PD-1. Mann-Whitney 
tests, *p<0.05. CIITA, class II major histocompatibility complex transactivator II; CTLA-4, cytotoxic T-lymphocyte-associated 
protein 4; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; HLA-DR, human leukocyte antigen-DR; IHC, 
immunohistochemistry; JARID2, Jumoni and AT-rich interaction domain-containing protein; MHC, major histocompatibility 
complexes; mRNA, messenger RNA; PD-1, programmed death-1; PRC2, polycomb repressive complex 2.
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for MHC-II expression in non-pAPCs may provide a better 
understanding for its role as a clinical predictor.

Despite multiple studies validating the role of MHC-II 
as a predictive biomarker, the functional role of MHC-II 
in response to PD-1/L1 targeted therapies requires 
further investigation. Reports from our laboratory43 and 
others suggest it may have a functional role in response 
to PD-1/L1 therapies and this could be context depen-
dent.15 16 44 In this study we found that the PRC2 pathway 
plays a role in suppressing CIITA, and consequentially 
MHC-II expression. Treatment with the Food and Drug 
Administration (FDA)-approved EZH2 inhibitor taze-
metostat can reverse PRC2 suppression and restore IFN-
induced stimulation of MHC-II expression. In the current 
setting, MHC-II induction may function as a biomarker 
and be reflective of the overall response to IFN pathways, 
which are needed for immunotherapy responsiveness and 
have been known to be reprogrammed during chronic 
activation.45 Thus, EZH2 inhibition may be a therapeutic 
strategy to reverse this cell state, leading to functional 
immunologic responses, and the data presented in this 
study supports clinical evaluation of EZH2 inhibition to 
overcome PD-1/L1 resistance.

It is not entirely clear why the PRC2 pathway plays 
a central role in MHC-II suppression. Prior studies 
performed in our laboratory demonstrated that in breast 
cancer MHC-I induction downstream of IFN stimulation 
is frequently suppressed by DNA methylation, and treat-
ment with next-generation DNA methyltransferase inhib-
itors could reverse this phenotype.46 Interestingly, in this 
previous study a concordant upregulation in MHC-II 
was not observed. Thus, the potential epigenetic path-
ways leading to suppression of MHC-I and MHC-II may 
be diverse or pathway-specific. Importantly, DNA meth-
yltransferase and EZH2 inhibition were not evaluated 
head-to-head in either study, and a more comprehensive 
epigenetic study including multiple pathway inhibitors 
across cell lines and tumor types could be informative. 
Furthermore, it should be noted that the effects of epigen-
etic inhibitors are widespread and not confined to the 
CIITA locus. Therefore, additional studies will need to test 
the impact of EZH2 inhibition on antitumor immunity; 
such studies have been reported in an MHC-II agnostic 
manner.47 Studies involving the genetic manipulation of 
MHC-II in preclinical models will be of particular interest 
in the establishment of an MHC-II-dependent connec-
tion between EZH2 inhibition and response to PD-1/L1 
targeted therapies. Furthermore, previous studies have 
proposed EZH2 inhibition promotes antitumor immunity 
through a variety of mechanisms and require additional 
studies to dissect the potential contribution of upregula-
tion of MHC-II to this effect.48

Given that tazemetostat is an FDA approved cancer 
therapy in other indications, these data support the 
experimental role of EZH2 inhibitors, like tazemetostat, 
potentially in combination with immunotherapy in anti-
PD-1 resistant melanoma. Such approaches should incor-
porate biomarkers, such as PRC2 activity and/or pathway 

expression, as well as dynamic on therapy biomarkers to 
determine what, if any, potential markers exist to identify 
patients most likely to benefit.

Overall, this study identifies PRC2 as a mediator of 
IFN-responsive MHC-II induction in melanoma cells and 
links this pathway to tumor inflammation. Understanding 
these relationships may elucidate the use of MHC-II as 
a predictive biomarker for clinical response to immuno-
therapies. Moreover, we independently identified and 
validated EZH2 as a mediator of MHC-II expression 
capacity consistent with prior findings,18 49 50 and demon-
strated broader connections to immunologic phenotype 
in tumors, clinical outcome, and potential for therapeutic 
intervention.
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