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C A N C E R

Immune activation is essential for the antitumor activity 
of EZH2 inhibition in urothelial carcinoma
Andrea Piunti1,2,3*, Khyati Meghani3,4, Yanni Yu3,4, A. Gordon Robertson5, Joseph R. Podojil6, 
Kimberly A. McLaughlin3,4, Zonghao You3,4, Damiano Fantini3,4, MingYi Chiang6,  
Yi Luo7, Lu Wang3, Nathan Heyen3,4,5, Jun Qian3,4,8, Stephen D. Miller6,  
Ali Shilatifard3, Joshua J. Meeks3,4,8*

The long-term survival of patients with advanced urothelial carcinoma (UCa) is limited because of innate resistance 
to treatment. We identified elevated expression of the histone methyltransferase EZH2 as a hallmark of aggressive 
UCa and hypothesized that EZH2 inhibition, via a small-molecule catalytic inhibitor, might have antitumor effects 
in UCa. Here, in a carcinogen-induced mouse bladder cancer model, a reduction in tumor progression and an in-
crease in immune infiltration upon EZH2 inhibition were observed. Treatment of mice with EZH2i causes an in-
crease in MHC class II expression in the urothelium and can activate infiltrating T cells. Unexpectedly, we found 
that the lack of an intact adaptive immune system completely abolishes the antitumor effects induced by EZH2 
catalytic inhibition. These findings show that immune evasion is the only important determinant for the efficacy 
of EZH2 catalytic inhibition treatment in a UCa model.

INTRODUCTION
Urothelial carcinoma (UCa) is the fifth most common cancer in the 
United States with more than 81,000 annual incident diagnoses (1). 
Across all stages of UCa, resistance to immunotherapy results in 
recurrence and progression and is ultimately the cause of mortality 
for most patients (2). Multiple mechanisms of immune resistance 
have been described in UCa, including loss of neoantigens, suppres-
sion of T cell–mediated activity by myeloid and regulatory cells, and 
immune exhaustion (3–5). Therefore, immunotherapy strategies in 
UCa have involved reactivation of a suppressed immune response. 
In high-risk non–muscle invasive bladder cancer (NMIBC), for 
example, intravesical immunotherapy using a latent form of tuber-
culosis vaccine [Bacillus Calmette-Guérin (BCG)] induces both 
BCG-directed and tumor-specific immunity, ultimately decreasing 
recurrence and progression (2, 6–9). If BCG is ineffective, a second 
line option is the Programmed cell death protein 1 (PD-1) inhibitor, 
pembrolizumab, found to decrease recurrence by 25% at 12 months 
(10). In the advanced setting, monotherapy with PD1/programmed 
death ligand 1 inhibitors is both a first- and second-line therapy for 
patients with metastatic UCa, but only 30% of patients achieve a 
durable response of more than 12 months, presumably due to innate 
resistance (11, 12). Therefore, chemotherapy remains the first-line 
treatment for metastatic UCa because immunotherapy is only half 
as effective as chemotherapy to achieve an initial objective response 
(23% versus 47%). Yet, immunotherapy “responsive” tumors 
achieve long-term remission (median duration of 8.5 months for 

chemotherapy versus not achieved for atezolizumab in IMvigor130) 
(13). It remains unknown if this resistance is from tumor-mediated 
immune suppression, insufficient immune activation or inadequate 
antigen presentation, and recognition of the tumor by the host im-
mune microenvironment.

Recently, we identified a subtype of high-risk NMIBCs that had 
elevated expression of E2F and EZH2 (enhancer of zeste homolog 2), 
suppression of immune- related signatures, and was associated with 
a high frequency of carcinoma in situ (T1-LumGU) (14). Previously, 
high EZH2 expression was also found in muscle invasive bladder 
cancer (MIBC) and correlated with a shorter time to recurrence 
(15, 16). EZH2 is the catalytic subunit of the polycomb repressive 
complex 2 (PRC2), a multiprotein histone methyltransferase com-
plex targeting lysine-27 on histone H3 (H3K27) and generally 
involved in transcriptional repression (17, 18). EZH2 is frequently 
dysregulated in cancer and regarded as an oncogene across different 
tumor types (19, 20). Small-molecule catalytic inhibitors targeting EZH2 
activity have been developed, and one in particular, tazemetostat, 
has been recently approved by the U.S. Food and Drug Administration 
for the treatment of epithelioid sarcoma and relapsed/refractory 
follicular lymphoma. The function of EZH2 in cancer is well estab-
lished and is generally considered to regulate aberrant proliferation, 
invasion, and other hallmarks of cancers (21, 22). EZH2 catalytic 
inhibition has shown efficacy in xenograft UCa models with loss of 
KDM6A activity by affecting cancer cell growth through a cell 
autonomous mechanism (23).

In this study, we explore the role of EZH2 activity in an immuno-
competent carcinogen-induced UCa mouse model that faithfully 
recapitulates features of human UCa (24). Unexpectedly, we not 
only find that this UCa model is sensitive to EZH2 catalytic inhibi-
tion, but we also demonstrate that this antitumor activity is com-
pletely dependent on an intact adaptive immune system. These 
results support a previously unidentified immunomodulatory role 
for EZH2 in promoting UCa in a non–cell autonomous manner, 
paving the way for potential combination therapies with immune 
checkpoint inhibitors.
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RESULTS
Ezh2 catalytic targeting inhibits tumor progression in a 
carcinogen-induced MIBC model
Similar to many other malignancies, EZH2 is overexpressed in 
bladder cancer (BCa) compared to normal tissue along with increased 
levels of repressive H3K27me3 (Fig. 1A) (16). The increase in EZH2 
expression in tumor cells is often due to aberrant transcriptional 
regulation of the gene. This is associated to the deregulated activity 
of the pRB (Retinoblastoma)–E2F pathway that is often affected 
in BCa (14, 25). Our group has previously characterized the BBN 

[N-butyl-N-(4-hydroxybutyl) nitrosamine] carcinogen-induced 
mouse model of MIBC and found that the mutation landscape of 
tumors observed in mice upon BBN exposure is similar to human 
BCa (24, 26). BBN exposure time correlates with more homogeneously 
aggressive histopathology (27). Using this model, we recapitulated 
the time-dependent increase of Ezh2 expression upon treatment 
with the BBN carcinogen that correlates with the development of 
MIBC in our mouse model (Fig. 1B).

Next, we were interested in evaluating, using a genetic approach, 
the relevance of Ezh2 expression for disease progression in our MIBC 

Fig. 1. EZH2 and its catalytic function promote higher BCa stages. (A) Immunohistochemistry of human tumors and normal bladder for EZH2 and H3K27me3 in normal, 
low-grade, and high-grade BCa. Scale bars, 200 M. (B) Ezh2 expression in bladders from mice administered with N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN) carcinogen 
for different durations. FPKM, fragments per kilobase of transcript per million mapped reads. (C) Schematic describing the experimental design for evaluating the role of 
Ezh2 in BBN-mediated tumor progression. Left: Representative immunohistochemistry sections of BBN tumors from Krt5CreERT2 Ezh2f/f mice treated with oil control or 
tamoxifen. Inset pictures show representative histology of the selected areas. Scale bars, 1 mm (whole bladder) and 100 m (highlighted section). Right: Quantification of 
tumor stage in mice from indicated conditions. (D and E) Male C57BL/6 mice received water containing 0.05% BBN for 90 days, after which the presence of a tumor was 
confirmed using magnetic resonance imaging (MRI), and mice were treated with vehicle control (n = 9) or EPZ011989 (n = 12) for 24 days. One month after treatment, 
animals were euthanized for analysis. (D) Schematic describing the experimental design for evaluating the efficacy of EZH2i in carcinogen-induced tumor model. Mice 
treated with EZH2i had fewer high-grade tumors (stage T2 or higher) compared to vehicle control. (E) Analysis of mRNA expression levels of different phenotypic markers 
demonstrates reversion of EZH2i-treated tumors to a more luminal state compared to the more basal markers observed in the vehicle control–treated tumors.
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mouse model. Therefore, we generated a conditional mouse model 
where the Ezh2 gene would be deleted specifically in basal epithe-
lial cells, including those from the urothelium that are plausibly 
the cells of origin for MIBC (27). To obtain this model, we crossed 
Krt5-Cre-ERT2 mice with Ezh2fx/fx mice to generate Krt5-Cre-ERT2; 
Ezh2fx/fx mice. We treated mice with the BBN carcinogen and waited 
3 months for MIBC onset and progression. After 3 months, mice were 
assigned to two groups, one receiving corn oil (control) and the 
other group receiving tamoxifen to acutely induce Ezh2 deletion 
in KRT5 (keratin 5)– expressing cells (fig. S1, A and B). At the end 
point of the experiment, mice from the two groups were euthanized 
and the bladders were isolated and examined histologically (Fig. 1C). 
Hematoxylin and eosin staining of the tumors revealed a significant 
(Fisher’s exact test, P < 0.0001) reduction of high-stage (T2 or greater) 
MIBC in the tamoxifen-treated group compared to the control group 
(Fig. 1C). Ezh2 deletion in KRT5-expressing cells also induces a hair 
loss phenotype potentially underlying an important role for EZH2 
in regulating hair follicle homeostasis as previously reported (fig. S1C) 
(28). This supports an important role for EZH2 in promoting tumor 
progression in a carcinogen-induced MIBC mouse model.

To further investigate the role of PRC2 (polycomb repressive 
complex 2) in this model, we used an EZH2 catalytic inhibitor 
(EPZ0011989; hereafter EZH2i) to determine whether PRC2 cata-
lytic function was important for tumor development. The experi-
mental approach was similar to the one described above (Fig. 1C); 
after 3 months of BBN exposure, mice were evaluated for the presence 
of tumors by magnetic resonance imaging and assigned to a control 
(vehicle) or a treatment (EZH2i) group. The two groups were treated 
by twice daily oral gavage for 24 days and euthanized 30 days after 
treatment (Fig. 1D). Similar to the results obtained with our genetic 
approach, EZH2 catalytic inhibition led to a significant decrease 
in the number of high-stage tumors (T2 or greater) compared to 
control (Fisher’s exact test, P < 0.0001; Fig. 1D) and a decrease in 
H3K27me3 levels (fig. S1D).

Tumors arising from BBN treatment are often characterized by 
a shift to a basal subtype (typical of MIBC) with increased expres-
sion of basal markers such as KRT5 and KRT14 (24, 29). Transcrip-
tional analysis of bladders isolated from mice treated with EZH2i 
compared to vehicle control revealed increased transcriptional levels 
of luminal markers and decreased levels of basal markers (Fig. 1E). 
These data support the hypothesis that EZH2 catalytic inhibition in 
the BBN carcinogen model can significantly reduce tumor progression 
and induce a reconversion of the molecular subtype in the bladder 
to low-grade tumors or normal urothelium.

EZH2 catalytic inhibition induces an immune response
When evaluating the pathology of mice treated with EZH2i, in addi-
tion to reduced stage (Fig. 1D), we also observed increased immune 
cell infiltrate into the bladder along with the appearance of tertiary 
lymphoid structures (TLSs) (Fig. 2A). These TLSs were present in 7 of 
12 mice treated with EZH2i compared to 2 of 9 in vehicle-treated mice. 
In addition, immunocytochemistry analysis showed a significant in-
crease in the number of tumor-infiltrating CD3+ cells in the EZH2i- 
treated group compared to the vehicle control group (P = 0.0095) 
(Fig. 2, B and C). Flow cytometry analyses of the tumors treated with 
EZH2i compared to vehicle control confirmed an increased in CD3+ 
cells in the first group; however, we did not detect any specific changes 
in the population of T cells infiltrating the tumors (Fig. 2D). This 
result was also confirmed in our conditional knockout model where 

Ezh2-deleted tumors showed an increased number of CD3+-infiltrating 
cells compared to Ezh2 wild-type (WT) tumors (fig. S1E).

Next, we analyzed RNA sequencing (RNA-seq) data to identify 
transcriptional changes that could provide an explanation for the 
increased immune infiltration observed in EZH2i-treated BBN 
tumors. Given the transcriptional repressive activity associated with 
PRC2 function, we focused our analysis on genes potentially dere-
pressed (activated) upon EZH2 catalytic inhibition compared to 
control. Gene set enrichment analysis (GSEA) showed that genes 
with immunoregulatory functions were up-regulated in the EZH2i 
treatment group relative to the control group, while genes associated 
with cell cycle progression and DNA repair were down-regulated in 
this group (Fig. 2E).

Analysis of publicly available TCGA (The Cancer Genome Atlas) 
(29) transcriptomic data for MIBC tumors showed an inverse cor-
relation between EZH2 levels and levels of transcripts associated with 
immune regulation. Overall, EZH2 low tumors had a significantly 
higher immune score and significantly higher levels of CD4+ T cells 
by multiple immune deconvolution algorithms (Fig. 2F). To deter-
mine whether the expression of immune activating cytokines and 
pathways could be a direct consequence of exposure of BCa cells to 
EZH2i, we treated two BCa cell lines with EZH2i or vehicle [dimethyl 
sulfoxide (DMSO)]. Treatment of BCa cell lines with EZH2i leads 
to increased levels of CXCL10 and TNF compared to the levels de-
tected in cells treated with DMSO (Fig. 3A). We further confirmed 
that cells treated with EZH2i had significantly increased secretion of 
CXCL10 (CXC motif chemokine ligand 10) compared to vehicle- 
treated cells (Fig. 3B). Chromatin immunoprecipitation followed 
by sequencing for H3K27me3 in both BCa cell lines revealed that 
CXCL10 and TNF were PRC2 targets supporting a direct transcrip-
tional control by the complex at these loci (Fig. 3C). Global tran-
scriptomic analyses identified significant overall changes in both cell 
lines and confirmed the enhanced levels of the immune-related genes 
in cells treated with EZH2i compared to vehicle-treated cells (Fig. 3D). 
Together, these data support a crucial role for EZH2 in promoting 
immune suppression in MIBC.

EZH2 controls MHC class II gene expression in BCa cells
Recently, major histocompatibility complex (MHC) class I genes have 
been identified as a PRC2 target (30). Transcriptomic analysis of 
tumors from the carcinogen-induced MIBC mouse model did not 
show any difference in terms of MHC class I gene levels in the two 
groups analyzed (EZH2i versus control; fig. S3A). Nonetheless, we 
did observe significantly increased levels of MHC class II genes along 
with a strong increase in the levels of Ciita, a master regulator of 
MHC class II genes expression, in tumors belonging to the EZH2i- 
treated group compared to control (Fig. 4A and fig. S2A). While 
MHC class I is present on most nucleated cells, MHC class II expres-
sion is restricted to specialized antigen-presenting cells (APCs) (31). 
Therefore, we were interested to explore whether treatment with 
EZH2i was sufficient to induce expression of APC-restricted markers 
on epithelial cancer cells. Consistent with our in vivo data, treat-
ment of four BCa cell lines with EZH2i led to a significant increase 
in the transcript levels of MHC class II genes along with CIITA com-
pared to vehicle control (Fig. 4B and fig. S3A). As previously reported 
in other cells (32), CIITA locus in BCa cells was marked by PRC2- 
deposited H3K27me3 (Fig. 4C). In addition, we also observed H3K27me3 
marking gene bodies of other MHC class II genes (Fig. 4C). We 
further confirmed that EZH2i led to decreased H3K27me3 levels at 
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the HLA-DRA locus (a MHC class II gene) while leading to increased 
H3K27ac levels when compared to vehicle control, consistent with 
the HLA-DRA enhanced levels in EZH2i versus control (Fig. 4D). 
We also verified the increased protein levels of MHC class II by 
Western blotting and detected significantly increased surface levels 
of MHC class II in BCa cells treated with EZH2i compared to control 
(Fig. 4E). We further confirmed the implication of PRC2 catalytic 
activity in the regulation of MHC class II levels by ectopically 
expressing the histone mutant H3.3K27M or H3.3 WT in BCa cells. 
According to the general inhibitory activity toward H3K27me3 depo-
sition by the H3.3K27M (17), MHC class II protein levels ectopically 
expressing the histone mutant were increased compared to cells 

transduced with H3.3 WT or untreated cells, an increase that was 
comparable to the same induced by the treatment with EZH2i 
(Fig. 4F). These data strongly support a role for EZH2 and PRC2 
catalytic activity in the direct transcriptional regulation of MHC 
class II levels in BCa cells.

EZH2i effect on UCa progression is entirely dependent on an 
intact adaptive immune system
To further confirm our in vitro findings in vivo, we decided to use a 
transgenic mouse model that can express the ovalbumin (OVA) 
antigen on the surface of the urothelium (33). These mice were exposed 
to the BBN carcinogen and divided into two groups after 14 days, 

Fig. 2. Immune activation by EZH2. (A) Representative hematoxylin and eosin (H&E)–stained sections of BBN tumors from mice treated with EZH2i with tertiary 
lymphoid structure highlighted on inset. Scale bars, 1 mm (whole bladder) and 100 m (highlighted inset). (B and C) Immunohistochemistry images (B) and quantification 
(C) of CD3+ cells from vehicle control– or EZH2i-treated tumors. Scale bars, 100 m. (D) Flow cytometry analysis of bladders isolated from the EZH2i-treated and vehicle 
control groups. CD45+CD3+ T cells and CD3+CD4+/CD3+CD8+ percentages of specific parental populations are represented. There is no statistical difference between 
CD3+CD4+/CD3+CD8+ distribution in the two groups. (E) Network of molecular pathways enriched in each group (EZH2i and vehicle) from RNA sequencing experiments 
conducted on bladders isolated from the two groups (n = 6 EZH2i group and n = 5 vehicle group). (F) Network of molecular pathways enriched in The Cancer Genome 
Atlas MIBC cohort segregated based on EZH2 expression. Inset shows boxplot comparing ESTIMATE immune scores for each group. ECM, extracellular matrix.
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one treated with EZH2i and the other with vehicle control. After 14 days 
of treatment (total 28 days of BBN exposure), cells were isolated from 
bladders obtained from the two groups (EZH2i and vehicle control). 
Bladder cells from each of the two groups were cocultured with 
T cells (CD8+ or CD4+) derived from transgenic mice bearing T cell 
receptors (TCRs) specific against the OVA antigen (OTI and OTII)3 
(Fig. 5A). In the coculture experiment, interferon- (IFN-) and 
interleukin-17 (IL-17) release was measured as an indication of T cell 
activation mediated by the interaction OVA-TCRs. When bladder 
cells were cultured in the absence of T cells, very minimal levels of 
secreted IFN- and IL-17 were detected, with no significant differ-
ence between the EZH2i group and the control group (Fig. 5B). 
However, CD8+ (OT-I) or CD4+ (OT-II) T cells cocultured with 
bladder cells from the EZH2i-treated group showed significantly 
increased levels of both IFN- and IL-17 compared to the control 
group (Fig. 5B). Flow cytometry analyses of tumor masses reveal 
increased levels of infiltrating innate immune cells in mice treated 
with EZH2i compared to control (fig. S4A). These cells might be 
participating to the increased T cell–mediated response that we ob-
served in EZH2i-treated compared to vehicle-treated mice. These 

data support a strong T cell activation toward tumors treated with 
EZH2i compared to tumors treated with vehicle control.

On the basis of these data and the transcriptional activation of 
immune cytokines in BCa tumors from mice treated with EZH2i 
compared to control group, we hypothesized that the activity of tumor- 
infiltrating T cells could, at least in part, contribute to the reduced 
tumor progression observed in EZH2i-treated mice. To test this 
hypothesis, we reproduced the carcinogen-induced MIBC model in 
immunocompromised mice with deletion of the adaptive immune 
system. We administered the BBN carcinogen to Rag1−/− mice that 
have a targeted deletion of the recombinase necessary for lymphocyte 
development (34). Mice were administered with BBN for 3 months 
followed by 24 days of treatment with EZH2i or vehicle control 
(Fig. 5C). In contrast to what we observed in WT mice, we found an 
opposite effect in tumor stage, Rag1−/−, mice after treatment with 
EZH2i or vehicle control. Mice treated with EZH2i show a significant 
increase number of higher stage tumors compared to mice treated 
with vehicle control (Figs. 1D and 5D). These data formally prove 
that adaptive immunocompetence is crucial for the antitumor ac-
tivity of EZH2i in a carcinogen-induced MIBC mouse model.

Fig. 3. Treatment with EZH2i up-regulates markers of immunogenicity and increases infiltration of immune cells into bladder tumors. (A) Transcriptomic changes 
in BCa cell lines (HT1376 and UMUC9) treated with EZH2i mirrored changes observed in murine tumors treated with the drug with significant up-regulation of immune 
signaling pathways. RNA-seq, RNA sequencing. (B) Cytokine profiling in supernatant from BCa cell lines HT1376 and UMUC9 revealed strong concordance between cytokine 
production and transcriptomic changes after treatment with EZH2i. a.u., arbitrary units; n.d., not determined. (C) H3K27me3 chromatin immunoprecipitation sequencing 
(ChIP-seq) reveals increased H3K27me3 signal around loci of immune genes [CXCL10, TNF (tumor necrosis factor), and LAIR1 (Leukocyte Associated Immunoglobulin Like 
Receptor 1)] in BCa cell lines (UMUC9 and HT1376). (D) Networks depicting GSEA results from comparison of UMUC9 and HT1376 cells treated with EZH2i or DMSO control. 
GTPase, guanosine triphosphatase.
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DISCUSSION
To date, the pathways associated with cancer immune evasion have 
largely focused on antigen presentation, recognition by the immune 
system, and recruitment of immune cells (3). Deregulation of EZH2, 
the PRC2 catalytic subunit, has been reported in several types of 
cancer where it generally has a pro-oncogenic function (20). The 
pro-oncogenic role of EZH2 has been investigated in BCa cells and 
in xenograft mouse models where EZH2 was shown to favor tumor 
proliferation through a cell autonomous mechanism (23). PRC2 and 
EZH2 dysregulation in cancer is generally regarded to promote 
tumorigenesis in a cell autonomous manner (35). To the best of our 
knowledge, very few studies have reported a non–cell autonomous 
pro-oncogenic function of EZH2 (30, 36). To date, there are no 
studies in a carcinogen-induced animal tumor model that have evalu-
ated the immunomodulatory impact of EZH2 inhibition in tumor 
progression through a non–cell autonomous mechanism. Taking 
advantage of a mouse model of UCa that recapitulates the genetic 
and pathologic complexity of the analogous human disease, includ-
ing an intact immune system (24), we evaluated the role of Ezh2 
in MIBC. Although EZH2 catalytic inhibition was never tested in a 
carcinogen-induced UCa mouse model, previous studies have 
suggested the potential efficacy of this therapeutic strategy (23). In 
our model, we observed a drastic reduction in tumor progression 
in mice treated with EZH2 catalytic inhibitor compared to control. 

We also observed a basal-to-luminal shift in the transcriptional 
program supporting the less aggressive histologic analysis (Fig. 1). 
These data are compatible with the classical role of EZH2 in main-
taining malignant proliferation in a cell autonomous manner (37); 
however, we did not anticipate a significant involvement of the 
immune system that we observed in mice treated with EZH2i. In 
tumors that responded to EZH2i treatment, there was a significant 
increase in tumor-infiltrating CD3+ T cells and a clear enrichment 
of an immune-activating transcriptional signature compared to 
vehicle-treated tumors (Fig. 2). Using BCa cell lines, we were able 
to recapitulate the activation of immunoregulatory pathways upon 
EZH2i treatment compared to control treatment (Fig. 3). This sup-
ported the idea that cancer epithelial cells, after EZH2i treatment, 
were increasing/inducing the transcriptional and protein levels of 
genes involved in immune response pathways including the potent 
CXCL10 cytokine that is known to attract immune cells such as T cells 
(38) and is directly targeted by the PRC2-deposited H3K27me3 
(Fig. 3) (39). Of clinical interest, high levels of CXCL10 have been 
associated with an improved response to immunotherapy in meta-
static BCa (40). In addition, both in BCa cell lines and in the carcinogen- 
induced BBN mouse model, we were able to show that several 
transcripts and proteins involved in MHC class II antigen presentation 
were strongly increased in cells/tumors treated with EZH2i compared 
to control and were direct PRC2 targets (Fig. 4). This prompted an 

Fig. 4. Treatment with EZH2i reverses PRC2-mediated silencing of MHC class II genes. (A) Transcriptomic changes in tumors from mice treated with EZH2i highlighting 
transcripts with a role in antigen presentation. (B) EZH2 inhibition induces expression of MHC class II genes in human BCa cell line (HT1376). (C) Increased H3K27me3 
signal is detected by ChIP-seq around loci of MHC class II genes in BCa cells. (D) ChIP–quantitative polymerase chain reaction for enrichment of H3K27me3/H3K27ac at 
HLA-DRA gene locus in HT1376 cells treated with EZH2i or DMSO. (E) MHC class II expression in HT1376 cells treated with EZH2i or DMSO. (F) MHC class II expression in 
HT1376 cells expressing control, H3.3 WT, or H3.3K27M.
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investigation into the role played by the adaptive immune system in 
our model upon EZH2 catalytic inhibition. We hypothesized that the 
involvement of the immune system was secondary to an increased 
cytokine and chemokine production as well as an increased MHC 
class II antigen presentation, as we observed increased cytokine, 
chemokine, and MHC class II genes levels in BCa cell lines and 
murine tumors treated with EZH2i compared to control. Using the 
URO-OVA system, we showed that EZH2 inhibition can induce a 
non–cell autonomous T cell response against tumors cells derived 

from BBN-induced BCas (Fig. 5). These data strongly support a 
non–cell autonomous role for EZH2 in BCa cells to promote tumor 
progression in the BBN-induced MIBC model through the activa-
tion and recruitment of adaptive immune system toward the tumor.

PRC2 has been previously demonstrated to partially affect immune 
response in melanoma and ovarian cancer (41, 42). Notably, in our 
model, and distinct from previous studies, the entire antitumor 
progression effect achieved through Ezh2 catalytic inhibition is fully 
dependent on an intact adaptive immune system. Carcinogen-induced 

Fig. 5. A functional adaptive immune system is required for response to EZH2i. (A and B) Schematic for experiment designed to evaluate role of CD4− MHC class II 
interaction in EZH2i-induced antitumor immunity. (B) Interleukin-17 (IL-17) and interferon- (IFN-) cytokine levels in indicated experimental conditions. (C and D) Male 
Rag1−/− C57BL/6 mice received water containing 0.05% BBN for 90 days, after which mice were treated with vehicle control or EZH2i for 24 days. (C) Schematic of experi-
mental design to evaluate the role of the adaptive immune system in observed response to EZH2i in carcinogen-induced tumor model. (D) Representative H&E-stained 
sections of BBN tumors from Rag1−/− mice treated with vehicle control or EZH2i. Similar aggressive morphology was observed in both groups. Scale bars, 100m.
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MIBC in immunodeficient (Rag1−/−) mice were insensitive to EZH2 
catalytic inhibition, and we even show a statistically increased number 
of higher-stage tumors compared to the control group (Fig. 5). This 
result might be explained by a non–cell autonomous mechanism of 
action of the inhibitor potentially promoting innate immune cells 
functions in the absence of a functional adaptive immune system 
(43). This will be an intriguing line of investigation for future studies. 
Together, our results support a crucial role for EZH2 in maintaining 
low immunogenicity of BCa cells by transcriptionally repressing 
cytokines and MHC class II antigen presentation genes. Our data also 
open to the intriguing hypothesis that EZH2 catalytic inhibition 
might stimulate BCa cells to present tumor antigens in an MHC 
class II–restricted manner, although this would need to be carefully 
tested experimentally. On the basis of the results from this research, 
a clinical trial has been initiated to evaluate the efficacy of tazemetostat 
(EZH2 catalytic inhibitor) and pembrolizumab (PD1 inhibitor) in 
treating patients with locally advanced or metastatic UCa (NCT03854474) 
(44). Our study demonstrates a non–cell autonomous function of 
PRC2 catalytic activity in promoting the progression of MIBC through 
immune evasion in a carcinogen-induced mouse model.

MATERIALS AND METHODS
Mice and tumor staging
Mice were cared for as per recommendations from the Animal Care 
and Use Committee (IS00004049 and IS00008422) at Northwestern 
University. All research was approved by an animal research protocol 
and carried out using procedures described previously (45). Briefly, 
6-week-old male C57BL/6 mice were fed BBN at a dose of 0.05% in 
drinking water ad libitum for 12 weeks, after which mice were ran-
domized to receive either EPZ011989 or vehicle. Mice were gavaged 
twice daily, at a dose of 500 mg/kg, for 5 days a week with a 2-day break 
on a 7-day cycle. At the end of treatment, animals were euthanized 
by CO2 with secondary cervical dislocation. Bladders were removed 
and divided in the sagittal plane and either fixed in 10% formalin or 
snap-frozen in liquid nitrogen. Tumor stage was determined using 
human AJCC (American Joint Committee on Cancer) staging on the 
basis of the depth of bladder wall invasion. Mice URO-OVA used in 
the manuscript have a C57Bl/6:SJL background (33).

RNA extraction, library generation, and sequencing
RNA extraction from mouse tumors was performed as described 
previously (45). Briefly, mouse tumors were ground using liquid 
nitrogen and mortar and pestle. Next, RNA was extracted using TRIZol 
reagent (Thermo Fisher Scientific) following the manufacturer’s 
instructions. RNA quality and concentration were measured by 
NanoDrop and then Qubit Fluorometric Quantitation (Thermo 
Fisher Scientific). Library preparation and RNA-seq were performed 
at the NuSeq core facility (Northwestern University) using an Illumina 
HiSeq 2000. Fastq files were processed using Ceto pipeline created 
by E. Bartom. Briefly, RNA-seq reads were aligned to mm10 reference 
genome using STAR (v 2.7.5). Gene expression was quantified using 
HTSeq, and differential gene expression profiles were generated using 
DESeq2. To identify differentially expressed gene programs com-
paring the two groups, a log2 fold change ranked list was generated. 
Next ranked genes were used as input for GSEA (version 4.1.0). 
Resulting enrichment was visualized using the Enrichment map 
(46) (version 3.3.3) plugin within Cytoscape (version 3.9.0). Results 
were exported and further analyzed in R.

Cytokine array experiments
UMUC9 and HT1376 cell lines were seeded at a concentration of 
10,000 cells/ml in a 6-cm culture dish. Cells were treated with DMSO 
or EPZ011989 at a concentration of 5 M for 7 days. Media were 
replaced with fresh media containing drug every other day. On 
day 7, 500 l of supernatant was taken for each condition and ana-
lyzed for cytokines with the Proteome Profiler Human Cytokine 
array kit (R&D Systems, catalog no. ARY005B).

Transcriptomic analysis (cell lines)
UMUC3, UMUC9, HT1376, and 5637 (American Type Culture 
Collection) cell lines were treated with DMSO or EPZ011989 at a 
concentration of 5 M for 7 days. Media were replaced with fresh 
media containing drug every other day. On day 7, cells were harvested 
for RNA extraction. RNA was extracted using QIAGEN RNeasy kit 
according to the manufacturer’s instructions. Libraries were pre-
pared according to manufacturer’s protocol and sequenced on the 
NextSeq 500 or NovaSeq 6000 (Illumina). Fastq files were processed 
using Ceto pipeline created by E. Bartom. Briefly, RNA sequence 
reads were aligned to hg38 reference genome using STAR (v 2.7.5). 
Gene expression was quantified using HTSeq and differential gene 
expression profiles were generated using DESeq2. Next, a log2 fold 
change ranked list was generated. Ranked genes were used as input 
for GSEA. Resulting enrichment was visualized using the Enrichment 
map plugin within Cytoscape.

TCGA analysis
RNA-seq data for muscle invasive bladder tumors in TCGA (29) 
cohort were downloaded using TCGAbiolinks R package (47). HTSeq 
counts were used as input into DESeq2 to generate differential gene 
expression profiles which were further analyzed using GSEA and 
Enrichment app to generate expression networks. Tumors were classi-
fied into high- or low-EZH2 expressing based on EZH2 fpkm values. 
For immune deconvolution, immunedeconv (48–52) R package was 
used and tumors were grouped into two groups based on the top 
and bottom 25% EZH2-expressing tumors.

Immunohistochemistry
Immunohistochemistry procedure was performed as described 
previously (45). Briefly, bladders were fixed in 10% formalin and 
embedded in paraffin. Sections (4 m) were used for CD8 (1:1000; 
Invitrogen, #MA5-13263) and Foxp3 (1:400; Cell Signaling Tech-
nology, #12653) staining. Dako Autostainer Plus instrument (Dako, 
CO, USA) and anti-rabbit Dako EnVision+ System-HRP (horse-
radish peroxidase) (Dako) were used. For each tumor, HRP-positive 
cells were counted in the 10× objective field. At least two separate 
sections and six different fields were evaluated for each tumor.

Flow cytometry (cell lines)
UMUC9 and HT1376 cell lines were treated with DMSO or 
EPZ011989 at a concentration of 5 M for 7 days. Media were re-
placed with fresh media containing drug every other day. On day 7, 
cells were harvested and processed for analysis of surface expression 
of MHC class II by flow cytometry. Approximately 10,000 cells were 
analyzed per sample. Cells were stained with fluorescein isothio-
cyanate (FITC) mouse anti-human HLA-DR antibody (BD Bio-
sciences, 556643) or FITC rat IgG2 (immunoglobulin G2),  
isotype control (BD Biosciences, 553929) and analyzed using BD 
LSRFortessa.
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Flow cytometry
Analysis of immune cell populations was performed as described 
previously (45). Briefly, spleens were dissociated into a single-cell 
suspension followed by red blood cell lysis. For the bladder, single-cell 
suspensions were prepared by mincing the bladder tissue in 2 ml of 
Accutase (MilliPore) plus collagenase (1 mg/ml) at 37°C for 30 min. 
Following enzymatic digestion, bladder samples were strained through 
a 100-m cell strainer, and the strainer was washed twice with 10 ml 
of Hanks’ balanced salt solution + 5% fetal calf serum, and the cells 
were pelleted. Next, cells were washed in phosphate-buffered saline, 
stained with LIVE/DEAD Fixable Aqua Dead Cell Stain (Life Tech-
nologies; Grand Island, NY), blocked with anti-CD16/32 (Thermo 
Fisher Scientific), followed by antibody staining. A total of 106 viable 
cells were analyzed per individual sample using a BD LSRFortessa 
(BD Bioscience), and the data were analyzed using the FlowJo 
version 9.5.2 software (Tree Star Inc., Ashland, OR).

Coculture of isolated bladder cells with OTI and OTII T cells
For coculture of cells isolated from the bladder with either OTI or 
OTII T Cells, CD8+ T cells and CD4+ T cells were magnetically sort 
purified (EasySep) from the spleens of male OTI and OTII TCR 
transgenic mice (Jackson Laboratory). Total bladder cells were iso-
lated from URO-OVA mice that had received BBN for 4 weeks and 
either vehicle or EZHi treatment for 2 weeks before bladder collection 
using the same tissue digestion method listed above. Cells (isolated 
cells from the bladder cells and T cells) within the cocultures were 
age- and gender-matched. Bladder cells (1 × 105 cells per well) and 
T cells (2 × 105 cells per well) were cultured in the presence of media 
only (negative control), OVA-257, or OVA-353 peptide (Genemed 
Synthesis) (20 g/ml). Culture supernatants were collected on day 5 
of culture, and the level of cytokine was measured via the Luminex 
High Sensitivity Mouse T Cell Cytokine Assay Kit (Milliplex).

Statistical analysis
Comparisons of the percentage of animals showing clinical disease 
were analyzed by 2 using Fisher’s exact probability test, and statis-
tical tests used to generate P values are highlighted in the figures. For 
most of the analysis described here, R version 4.0.3 or GraphPad Prism 
version 9.3.1 was used to analyze the data and generate the figures.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo8043

View/request a protocol for this paper from Bio-protocol.
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