
Guo et al., Sci. Adv. 2021; 7 : eabb3555     10 February 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 18

H E A L T H  A N D  M E D I C I N E

LincRNA-immunity landscape analysis identifies  
EPIC1 as a regulator of tumor immune evasion 
and immunotherapy resistance
Weiwei Guo1*, Yue Wang1*, Min Yang2*, Zehua Wang1, Yifei Wang1,  
Smriti Chaurasia3,4, Zhiyuan Wu1, Min Zhang1, Ghanshyam Singh Yadav3,4,  
Sanjay Rathod1, Fernando Concha-Benavente2,3, Christian Fernandez1, Song Li1,  
Wen Xie1, Robert L. Ferris2,3, Udai S. Kammula3,4, Binfeng Lu2, Da Yang1,3,5†

Through an integrative analysis of the lincRNA expression and tumor immune response in 9,626 tumor samples 
across 32 cancer types, we developed a lincRNA-based immune response (LIMER) score that can predict the 
immune cells infiltration and patient prognosis in multiple cancer types. Our analysis also identified tumor-specific 
lincRNAs, including EPIC1, that potentially regulate tumor immune response in multiple cancer types. Immuno-
competent mouse models and in vitro co-culture assays demonstrated that EPIC1 induces tumor immune evasion 
and resistance to immunotherapy by suppressing tumor cell antigen presentation. Mechanistically, lincRNA 
EPIC1  interacts with the histone methyltransferase EZH2, leading to the epigenetic silencing of  IFNGR1, 
TAP1/2, ERAP1/2, and MHC-I genes. Genetic and pharmacological inhibition of EZH2 abolish EPIC1’s immune-
related oncogenic effect and its suppression of interferon-γ signaling. The EPIC1-EZH2 axis emerges as a potential 
mechanism for tumor immune evasion that can serve as therapeutic targets for immunotherapy.

INTRODUCTION
The immune system plays a fundamental role in recognizing and 
eliminating neoplastic cells. However, the neoplastic cells can usu-
ally develop multiple strategies to evade immune surveillance and 
hence promote tumor progression (1). Immune evasion has been 
considered as one of the hallmarks of cancer and a significant event 
for tumor development (2). Generally, cancer cells can evade im-
mune surveillance through eliminating effector T cells, recruiting 
regulatory immune cells, and reducing immune recognition to 
develop an immunosuppressive tumor microenvironment (TME) 
(3). Although tremendous progress has been made, the molecular 
mechanism of tumor immune evasion is incompletely understood.

Recent studies have shown that long noncoding RNA genes 
(lncRNAs) play essential roles in the development, differentiation, 
apoptosis, and activation of multiple types of immune cells (4, 5). 
For instance, previous research has revealed that lncRNAs H19, 
lncHSC-1, and lncHSC-2 can regulate innate immune response in 
the maintenance of hematopoietic stem cells and the differentiation of 
myeloid lineages (6). In addition to innate immune response, lncRNAs 
have been demonstrated to regulate adaptive immune response. Lnc-DC, 
a dendritic cell–specific lncRNA, blocks signal transducer and ac-
tivator of transcription 3 (STAT3) dephosphorylation through direct-
ly binding with STAT3 and increases dendritic cell differentiation 
and activation (7). More studies have reported that lncRNAs MAF-
4 (8), NeST (9), Ccr2-5’AS (10), and Rmrp (11) regulate the differen-

tiation of CD4+ T cells into T helper 1 cell (TH1), TH2, TH7, and 
regulatory T cells (Tregs), which are critical for the initiation of adap-
tive immune responses (12).

A growing body of genomic analysis indicates that genomic/
epigenetic alterations in tumor tissues may play essential roles in 
tumor immune response and checkpoint blockade efficacy (13–19). 
However, majority of previous genotype-immunophenotype asso-
ciation studies have neglected the potential impact of lncRNAs on 
tumor immune microenvironment, which have emerged as impor
tant modulators of oncogenesis (12, 20–23). Here, we characterized 
a comprehensive landscape of 7528 intergenic lncRNAs (linRNAs)–
tumor immunity interaction by analyzing the lincRNA expression 
and immunogenomics profile of the TME across 9626 tumor sam-
ples. By delineating lincRNAs’ tissue specificity, we aimed to dis-
cover lincRNA-based biomarkers for predicting clinically relevant 
immune responses in patients with cancer. By further integrating 
the genome-wide DNA methylation data in the same tumor sam-
ples, we hope to identify the potential “driver” lincRNAs that can 
regulate the tumor immune response in multiple cancer types. By 
further using in vivo and in vitro cancer models, we aimed to iden-
tify and mechanistically validate lincRNAs that are master regula-
tors of tumor immune response.

RESULTS
Integrative analysis of the lincRNA expression and tumor 
immune response characterized the landscape of  
lincRNA–cancer immunity interactions
Our analysis focused on 7528 lincRNAs whose expression and 
DNA methylation levels are more reliable to be inferred from RNA 
sequencing (RNA-seq) and DNA methylation data, respectively. 
We first performed correlation analysis between the expression of 
7528 lincRNAs and tumor immune signature expression (24) across 
9626 tumor samples from The Cancer Genome Atlas (TCGA) database 
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(fig. S1A and table S1). This analysis identified 3491 lincRNAs, 
whose expression was significantly correlated with immune signa-
tures across multiple cancer types (Materials and Methods). Further 
t-distributed stochastic neighbor embedding (t-SNE) and cluster-
ing analysis (Materials and Methods) identified four lincRNA clus-
ters with distinct association patterns with anticancer immune 
response: C1 (382 lincRNAs, negatively correlated with immune 
response in multiple cancer types), C2 (1178 lincRNAs, negatively 
correlated with immune response in specific cancer types), C3 (737 
lincRNAs, positively correlated with immune response in multiple 
cancer types), and C4 (1194 lincRNAs, positively correlated with 

immune response in specific cancer types) (Fig. 1A, fig. S1B, and 
table S2).

One plausible explanation for the observed correlation between 
lincRNA expression and immune response scores could be that 
some tumor-infiltrating lymphocyte (TIL)–expressing lincRNAs 
are also detected by the bulk tumor RNA-seq data. Their overex-
pression in the tumor tissue represents the increased percentage of 
the immune component in the TME. Further tissue specificity analysis 
(Materials and Methods) for each of the 3491 immune-associated 
lincRNAs revealed that 96.07% of lincRNAs in C1 and 92.99% in C3 
clusters were expressed in healthy immune tissues (i.e., spleens and 

Fig. 1. The landscape of immunity-associated lincRNAs in cancer. (A) t-SNE embedding of the four identified cancer immunity–associated lincRNA clusters. (B) LincRNA 
expression distribution in immune-related organs (bottom left). (C) Number of tumor-specific lincRNAs in each cancer type (left) and number of immune-specific lincRNAs 
in each cluster (right). (D and F) Association between lincRNA-based immune response (LIMER) score and cytotoxic T cell infiltration in melanoma (SKCM) (D) and liver 
cancer (LIHC) (F). Left: The expression of each LIMER lincRNAs (columns) in tumor patients (rows). Middle: The correlation between LIMER score (y axis) and cytotoxic T cell 
infiltration (x axis). Right: The infiltration (x axis) of other immune cells. All three panels share the same order of patients, which were sorted by descending the LIMER 
score. (E and G) Kaplan-Meier plot shows the association between LIMER score and patient progression-free intervals. Patients are equally stratified into three groups 
based on LIMER scores in the same cohort as (D) and (F), respectively.
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lymph nodes) (Fig. 1, B and C). These observations suggested that C1 
and C3 clusters are likely enriched with immune-specific lincRNAs.

Using the expression of 105 immune-specific lincRNAs from the 
C3 cluster, we developed an lincRNA-based immune response 
(LIMER) score to estimate tumor immune cell infiltration from 
bulk tumor RNA-seq data (Materials and Methods). Tumors with 
higher LIMER scores tend to have a higher immune response, indi-
cated by higher infiltration of CD8+ T cells [median Spearman 
correlation coefficient rho = 0.55; immune cell infiltrations were 
estimated by Tumor IMmune Estimation Resource (TIMER) (25, 26)], 
CD4+ T cells (median rho = 0.63), dendritic cells (median rho = 0.67), 
neutrophils (median rho = 0.64), macrophages (median rho = 0.42), 
and B cells (median rho = 0.50) (Fig. 1, D to F, and fig. S2B). Moreover, 
patients with higher LIMER scores in their tumors have a significant 
beneficial progression-free survival in multiple cancer types (fig. S2C) 
including melanoma (Fig. 1E), liver cancer (Fig. 1G), bladder 
cancer (fig. S3A), breast cancer (fig. S3B), cervical cancer (fig. S3C), 
and head and neck cancer (fig. S3D).

DNA methylation analysis of tumor-specific lincRNAs 
revealed EPIC1 as a master suppressor of tumor  
immune response
Besides the immune-specific lincRNAs, our analysis also identified 
263 lincRNAs in the C2 cluster that are exclusively expressed in 
tumor cells but showed a strong negative correlation with tumor 
immune response (table S2). These tumor-specific lincRNAs are 
highly expressed in tumor tissues compared with adjacent normal 
tissues (Fig. 2A). However, unlike the immune-specific lincRNAs, 
these 263 lincRNAs are not expressed [i.e., fragments per kilobase 
of transcript per million mapped reads (FPKM) = 0] in immune tis-
sues (Fig. 1, B and C). In an effort to further identify lincRNA genes 
that have somatic genomic or epigenetic alterations in tumor ge-
nome, we integrated with DNA methylation data and characterized 
11 epigenetically activated (EA) lincRNAs (27), of which the ex-
pression is driven by epigenetic alterations in tumors cells (Materials 
and Methods and table S2). Tumors with these EA lincRNA activa-
tion appeared to have decreased immune response, indicated by 
underexpression of genes in immune checkpoint (median rho = 
0.40, Spearman’s correlation), chemokine signaling (median rho = 0.37), 
and cytotoxic T cell activity (median rho = 0.27) (Fig. 2, A, C, D, F, and G, 
and fig. S2A). Moreover, patients with this EA lincRNA activation 
in their tumors have significantly worse survival (Fig. 2, E and H).

Among the 11 EA lincRNAs that are highly correlated with im-
mune response, lincRNA EPIC1 (epigenetically induced lincRNA 
1) was the top lincRNA that is differentially expressed between 
tumor and normal samples (Fig. 2, A and B). To further demon-
strate EPIC1’s tissue specificity, we analyzed a published single-cell 
ATAC-seq (assay for transposase-accessible chromatin sequencing) 
data (28) from 28,274 TILs and ~5000 cancer cells. This analysis 
revealed that EPIC1’s promoter is only activated in tumor cells (as 
indicated by chromatin openness) but not in TIL cells, indicating 
that EPIC1 is a cancer cell–specific lincRNA that is EA (fig. S3E). 
Furthermore, tumors with epigenetic activation of EPIC1 have a re-
markable decreased expression of CD8+ T cell markers, including 
perforin 1 and granzyme A in multiple cancer types such as mela-
noma, lung cancer, and breast cancer (Fig. 2I and fig. S4, B to D). 
Although we have recently reported that the expression of EPIC1 is 
positively associated with poor prognosis and drug resistance in 
ER+ breast cancer (27, 29), the role of EPIC1 in the regulation of 

antitumor immunity is unknown. To determine how tumor cell–
expressed EPIC1 regulates antitumor immune responses, we or-
thotopically injected empty vector (control) or EPIC1-overexpressed 
4T1.2 cells in BALB/c mice. Compared with the control group, 
overexpression of EPIC1 significantly promoted tumor growth and 
led to poorer survival (Fig. 2, J and K). However, there is no differ-
ence in tumor growth and survival between control and EPIC1-
overexpressing 4T1.2 tumors in immune-deficient nude mice 
(Fig. 2, L and M), suggesting that the protumor effect of EPIC1 in 
the 4T1.2 model is dependent on the adaptive immune system. To 
further confirm EPIC1’s immune-dependent protumor effect, we 
injected the control and EPIC1-overexpressed MC38 (Fig. 2, N and O) 
and CT26 (fig. S4, E and F) colorectal cancer cells into back flanks 
of C57BL/6 and BALB/c mice, respectively. Consistent with the 
4T1.2 tumor model, EPIC1 overexpression in these tumor cells led 
to significantly increased tumor growth rates and reduced overall survival.

EPIC1 suppresses cytotoxic T lymphocyte infiltration 
and activation in TME
Histopathological analysis revealed that EPIC1-overexpressed 4T1.2 
tumors were infiltrated by fewer total immune cells and T cells com-
pared with control tumors (Fig. 3, A and B, and fig. S4G). In addi-
tion, we observed that percentages of tumor-infiltrating CD8+ T cells 
and tumor-associated macrophage 1 (M1) cells decreased in both 
4T1.2-EPIC1 (Fig. 3, C and D) and MC38-EPIC1 (Fig. 3, E and F) 
tumors when compared with control tumors. Moreover, EPIC1 
overexpression increased tumor-associated macrophage 2 (M2) 
cells in both 4T1.2 and MC38 models (Fig. 3, D and F). There was 
no difference in the percentage of CD4+ T cells,  T cells, B cells, 
and FoxP3+ regulatory T cells between EPIC1-overexpressed tumors 
and control tumors in either mouse models (Fig. 3, C, E, G, and H). 
Furthermore, EPIC1 overexpression led to a reduction in the per-
centage of interferon-+ (IFN-+) CD8+, IFN-+ CD4+, and gran-
zyme B+ CD8+ T cells, but it did not change the population of CD8+ 
LAG3+, CD8+ PD1+, CD4+ LAG3+, or CD4+ PD1+ cells (Fig. 3, I to K 
and fig. S4, H and I). Together, these results indicate that EPIC1 
overexpression in tumor cells can suppress cytotoxic T lymphocyte 
(CTL) infiltration and activation in the TME.

EPIC1 enhances tumor immune evasion via suppressing 
antigen presentation in tumor cells
Emerging evidence showed that immune cell–expressed lincRNAs 
play important roles in tumor immune response by regulating 
immune cell activation and differentiation (4, 12). However, few 
studies were able to identify tumor cell–expressed lincRNAs that 
can modulate tumor immune response (30). To determine how 
EPIC1 expression in tumor cells lead to CTLs suppression, we 
knocked down EPIC1 with two small interfering RNAs (siRNAs) 
individually or together in four cancer cell lines and performed 
RNA-seq analyses (Materials and Methods). EPIC1 knockdown sig-
nificantly up-regulated major histocompatibility complex (MHC) 
genes (Fig. 4A). Consistent with our observation in EPIC1 knock-
down cell lines, EPIC1’s expression was significantly associated 
with lower expression of MHC genes in 9 of 13 cancer types 
(Fig. 4A). Notably, knockdown of EPIC1 did not change the expres-
sion of interleukin-2 (IL-2), IL-12, IL-4, and IL-8 in cancer cell lines 
because they are immune cell–secreted cytokines. However, these 
cytokines were inversely correlated with EPIC1 expression in bulk 
tumor tissues (Fig. 4A). These observations suggest that EPIC1 
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Fig. 2. DNA methylation analysis on tumor-specific lincRNAs revealed EPIC1 as a suppressor of tumor immune response. (A) Consensus regulation (CR) score of 
11 EA tumor-specific lincRNAs (C2 cluster) and 6 epigenetically silenced (ES) tumor-specific lincRNAs (C4 cluster) that are correlated with tumor immune response (heatmap) 
and their average differential expression across 23 cancer types (bar plots). (B) Correlation between epigenetic activation fraction of epigenetically induced lincRNA 1 
(EPIC1) and its association with CD8A expression. (C, D, F, and G) DNA methylation (z score normalized beta value) of tumor-specific lincRNAs (C and F) and the expression 
of immune signature genes (D and G) in TCGA-BRCA and TCGA-UCEC patients. BRCA, Breast Cancer; UCEC, Uterine Corpus. (E and H) Survival curves of the patients with 
top and bottom 20% epigenetic activity in (C) and (F). (I) Correlation between EPIC1 methylation and GZMA and PRF1 expression. (J to O) Tumor volume (J, L, and N) and 
overall survival (K, M, and O) of BALB/c mice, BALB/c nude mice, and C57BL/6 mice that are inoculated with 4T1.2 cells or MC38 cells stably expressing empty vector (control) 
or EPIC1 (n = 5 animals per group). EC, Endometrial Carcinoma; GZMA, Granzyme A; PRF1, Perforin 1. Data are means ±SD. *P <0.05; **P <0.01; ***P < 0.001.
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Fig. 3. EPIC1 decreases cytotoxic T lymphocyte infiltration and activation. (A) Control and EPIC1-overexpressed 4T1.2 tumors were paraffin embedded and applied 
with hematoxylin and eosin staining. Black arrows indicate the immune cells. (B) Frozen sections from the empty vector (control) and EPIC1 overexpressed (EPIC1) 4T1.2 
tumors were subjected to immunostaining analysis of CD3 (red) along with 4′,6-diamidino-2-phenylindole for nuclei (blue). (C to H) Quantification of indicated TILs from 
control and EPIC1-overexpressed 4T1.2 or MC38 tumors in BALB/c mice or C57BL/6 mice, respectively (n = 5 for control, n = 5 for EPIC1 overexpression). TILs were analyzed 
by flow cytometry on the 15th day after transplantation. The right panel of each figure indicates the representative flow cytometry profiles. (I) The production of gran-
zyme B by CD4+ and CD8+ TILs in 4T1.2 tumors was analyzed by flow cytometry, respectively. The right panel shows the representative flow cytometry profiles. (J and 
K) The production of interferon- (IFN-) by CD4+ and CD8+ TILs in 4T1.2 and MC38 tumors was analyzed by flow cytometry, respectively. The right panel shows the repre-
sentative flow cytometry profiles. Data are means ± SD. *P < 0.05 **P < 0.01; ***P < 0.001.
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Fig. 4. EPIC1 suppresses antigen presentation of tumor cells. (A) Left: Heatmap shows the association between EPIC1 expression and MHC-I and cytokine signatures 
in TCGA patients. Right: Heatmap shows the changes of same signatures after EPIC1 knockdown in different cell lines. (B and C) The expression of antigen presentation 
and antigen processing genes in control and EPIC1-overexpressed MCF-7 cells (B) and MC38 cells (C). Cells were treated with IFN- (0, 1, and 5 ng/ml) for 24 hours. (D and 
E) Cell surface levels of MHC-I in control and EPIC1-overexpressed MC38 (D) and 4T1.2 (E) cells. Cells were treated with IFN- (5 ng/ml) for indicated time points. (F) SIINFEKL-H2Kb 
presentation by the empty vector (control) or EPIC1-overexpressed MC38 cells. The quantification of MFI (mean fluorescence intensity) of SIINFEKL-H2Kb is shown on 
the right panel. Cells were treated with IFN- (5 ng/ml) for 24 hours. (G and H) Killing effect of MC38 (OVA+) cells overexpressed with empty vector (vehicle) or EPIC1 
after coculture with OT-1 T cells (G). The production of IFN- of OT-1 cells was determined by enzyme-linked immunosorbent assay (H). (I and J) Activation (I) and the 
production of IFN- (J) of gp100 TCR-transduced CD8+ T cells were cocultured with 888-MEL (gp100+) and 526-MEL (gp100+) cells transduced with empty vector (Control) 
or EPIC1 for 24 hours. Data are means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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expression in tumor cells suppresses immune cell activation through 
the tumor-intrinsic mechanism, such as antigen presentation.

Silencing of EPIC1 promoted the expression of antigen presen-
tation genes [human leukocyte antigen A (HLA-A), HLA-B, HLA-C, 
and B2M] as well as antigen processing genes (ERAP1/2, TAP1/2, 
and TAPBP) in human breast cancer cell MCF-7 (fig. S5A), lung 
cancer cell H1299 (fig. S5B), and colorectal cancer cells HCT116 
(fig. S5C). Consistently, EPIC1 overexpression resulted in lower 
expression of antigen presentation and processing genes in these 
human cancer cell lines (Fig. 4B and fig. S5, D and E) as well as in 
murine cell lines MC38 and 4T1.2 (Fig. 4C and fig. S5F). The cell 
surface level of MHC-I was also reduced in EPIC1-overexpressing 
MC38 and 4T1.2 cells (Fig. 4, D and E).

Previous studies have shown that decreasing the expression of 
antigen processing and presentation genes in tumor cells signifi-
cantly contributes to the tumor evasion from cytotoxic T cell recog-
nition (31). To investigate whether EPIC1’s inhibition of tumor 
immune response is mediated by its suppression of antigen presen-
tation and processing in tumor cells, we ectopically expressed the 
full length of ovalbumin (OVA) in control or EPIC1-overexpressed 
MC38 cells. The cell surface of OVA peptide SIINFEKL bound to 
MHC-I (H2Kb) was then quantified by flow cytometry using a spe-
cific monoclonal antibody. This analysis demonstrated that the 
OVA peptide-loaded MHC-I (SIINFEKL-H2Kb) was significantly 
decreased in EPIC1-overexpressed MC38 cells (Fig. 4F).

Control and EPIC1-overexpressed MC38 (OVA+) cells were fur-
ther cocultured with OT-1 CD8+ T cells. As we expected, EPIC1-
overexpressed MC38 cells (OVA+) induced lower levels of IFN- 
production and were more resistant to cytotoxicity by OT-1 CD8+ 
T cells compared with control MC38 cells (Fig. 4, G and H). We fur-
ther used a human melanoma cell and CD8+ T cell coculture system 
to determine EPIC1’s effects on tumor antigen presentation and 
T cell activation. Specifically, the control or EPIC1-overexpressed 
human melanoma cell line 526-MEL, which expressed HLA-A*02 
and tumor antigen gp100, was cocultured with HLA-A*02–restricted 
gp100 T cell receptor (TCR)–transduced human CD8+ T cells 
(Materials and Methods). We observed that EPIC1 overexpression 
in 526-MEL cells suppressed activation and IFN- production by 
gp100-specific CD8+ T cells (Fig. 4, I and J, and fig. S6B). As a neg-
ative control, neither control nor EPIC1-overexpressing 888-MEL cells, 
a human melanoma cell line expressing gp100 but not HLA-A*02, were 
able to stimulate gp100-specific CD8+ T cells (Fig. 4, I and J, and fig. 
S6B). Together, these data demonstrated that EPIC1 overexpression 
in tumor inhibits CTL infiltration and activation through suppressing 
tumor antigen processing and presentation.

EPIC1 inhibited IFN-–Janus kinase–STAT1 signaling 
pathway through suppressing IFNGR1 expression
To further explore the mechanism of EPIC1’s regulation of tumor cell 
antigen presentation, we performed pathway analyses in the RNA-
seq data from EPIC1-silenced cells and TCGA cancer patients’ data. 
These analyses revealed that EPIC1 suppresses the IFN- signaling in 
both tumor tissues and cancer cells (Fig. 5, A and B). For example, in 
TCGA lung cancer tissues, EPIC1 activation has significant inverse cor-
relation with IFNG signaling (r = −0.45, P = 7.14 × 10−20, Lung squamous 
cell carcinoma (LUSC); r = −0.17, P = 0.00023, Lung Adenocarcinoma 
(LUAD), Pearson’s correlation). In MCF-7, NCI-H1299, and HCT116 
cells, EPIC1 knockdown led to higher expression of the IFN- receptor, 
IFNGR1, and its downstream targets, IRF1 and IRF9 (fig. S7, A to C).

It has been well studied that IFN- can bind to IFNGR1 and lead 
to STAT1 phosphorylation (p-STAT1), which further activates 
Janus kinase (JAK)–STAT1 signaling in tumor immunity (32). The 
IFN- is involved in cancer immune surveillance by inducing 
MHC-I genes expression for CTL recognition and elimination of 
tumor cells (32, 33). We found that overexpression of EPIC1, by 
either a lentiviral system or a CRISPR/Cas9 Synergistic Activation 
Mediator (SAM) system (see Materials and Methods), suppressed 
both IFNGR1 protein and mRNA expression (Fig. 5, C to E, and 
fig. S7, D to I) in human breast, lung, and colorectal cancer cell 
lines, as well as in murine breast cell line 4T1.2 and colorectal can-
cer line MC38 (Fig. 5, F and G). As a result of IFNGR1 suppression, 
EPIC1 overexpression led to the decreased STAT1 phosphorylation 
(Fig. 5, C and E, and fig. S8, A and B). Consistently, siRNA silencing 
of EPIC1 up-regulated IFN-–JAK–STAT1 signaling and MHC-I 
expression (fig. S8, C to E). Furthermore, JAK1 inhibitor (i.e., rux-
olitinib) treatment partially restored EPIC1 inhibition of MHC-I in 
MCF-7, HCT116, and NCI-H1299 cells (Fig. 5, H and I, and fig. 
S8F). These data demonstrated that EPIC1 inhibited the IFN-–
JAK–STAT1 signaling pathway through suppressing the IFNGR1 
expression.

EPIC1’s regulation of type II interferon signaling is mediated 
by its interaction with EZH2 protein
It is apparent to us that EPIC1’s inhibition of the IFN-–JAK–
STAT1 signaling pathway and MHC-I in tumor cells contributes to 
its suppression of tumor immune response as we observed in both 
in vitro (Fig. 3) and in vivo (Fig. 2) tumor models. We set out to 
investigate the underlying molecular mechanism of how EPIC1 reg-
ulates IFNGR1 and antigen presentation genes’ expression. Inspired 
by our recent study that using cell line pharmacogenomics database 
to identify lincRNA’s functional interacting protein (29), we analyzed 
EPIC1 expression profiles in 582 cell lines and the cell lines’ drug 
responses to 545 compounds from the Cancer Therapeutics Response 
Portal (CTRP) database (34–36). This analysis revealed that the 
expression of EPIC1 was highly correlated with polycomb repressive 
complex 2 (PRC2) inhibitor (BRD1835) resistance in 32 breast 
cancer cell lines (rho = −0.41, P = 0.02; see Materials and Methods, 
Fig. 6A, and table S3). Moreover, the pathway analysis of EPIC1 knock-
down RNA-seq data further revealed that the enhancer of zeste 
homolog 2 (EZH2) targets are enriched in the differentially ex-
pressed genes after EPIC1 knockdown (Fig. 6B).

EZH2 is the functional enzymatic subunit of PRC2, which plays 
critical roles in cell differentiation (37) and tumor metastasis (38). 
Most recent evidence suggests that its activation in tumor cells can 
also regulate tumor immune response through inhibition immuno-
genicity (39) and TH1 chemokine expression (40). However, how 
EZH2 itself is activated in solid tumor remains unclear. To investi-
gate the role of EZH2 in EPIC1’s regulation of immune response, 
we performed RNA immunoprecipitation (RIP) and revealed that 
EPIC1 could be enriched by EZH2 RIP (Fig. 6C). In addition, RNA 
pull-down assay showed that EZH2 protein from both human 
breast cancer cell line MCF-7 and murine colorectal cancer cell line 
MC38 can be pulled down by in vitro–transcribed EPIC1 RNA 
(Fig. 6D). We constructed truncated mutants of EPIC1 to further 
map the EZH2-binding sequence in EPIC1. This analysis indicated 
that exon 1 [1 to 184 nucleotides (nt)] and exon 2 (185 to 358 nt) 
together are enough for EPIC1 to bind with EZH2 protein (Fig. 6E). 
We further constructed seven deleted mutants within the exon 1 
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and exon 2 regions of EPIC1 and have revealed that the 121- to 180-nt 
and 301- to 358-nt regions are necessary for EPIC1’s binding to the 
EZH2 protein (Fig. 6F). EPIC1 lacking EZH2 binding sequence (i.e., 
301- to 358-nt region) failed to suppress STAT1 activation and 
MHC-I expression (fig. S9, A and B). The silencing of EZH2 re-
versed the effect of EPIC1 and abolished its inhibition of both 
IFN-–JAK–STAT1 signaling and MHC-I expression (Fig. 6G and 
fig. S8C), which was further confirmed by treatment with an EZH2 
inhibitor DZNep to EPIC1-overexpressed cells (Fig. 6H and fig. S8D). 
Moreover, knockout of EZH2 in 4T1.2 cells blocked EPIC1’s tumor-
promoting effect in vivo (Fig. 6, I to K). Together, these data demon-
strated that the inhibition of EPIC1 to IFN-–JAK–STAT1 signal-
ing and antigen presentation pathway depends on EZH2.

Activation of the EPIC1-EZH2 axis leads to anti-PD1 
resistance through epigenetically silencing IFNGR1 
and antigen presentation genes
EZH2 can suppress gene expression by trimethylating lysine 27 on 
histone H3 (H3K27me3) at the promoter region of its target genes 
(41–43). Given that EPIC1 can interact with EZH2 and inhibits 
IFNGR1 on both the mRNA and protein level, we performed chro-
matin immunoprecipitation (ChIP) assays to examine the occupan-
cy of EZH2- and H3K27me3- at IFNGR1 promoters. This analysis 
revealed that the overexpression of EPIC1 promoted EZH2 and 
H3K27me3 occupancy at the promoter of the IFNGR1 gene (Fig. 7A). 
A recent study showed that EZH2 can directly silence antigen pro-
cessing and presentation genes through trimethylating H3K27 at 

Fig. 5. EPIC1 inhibits IFNGR1 expression and type II interferon signaling. (A) Heatmap (left) shows the association between EPIC1 expression and interferon signa-
tures in TCGA patients. Color in the heatmap indicates the effect size. Dots indicate the logarithmic false discovery rate. Heatmap (right) shows the pathway changed after 
EPIC1 knockdown in different cell lines. The color of the dots in the heatmap indicates the enrichment score. The size of the dots indicates the false discovery rate. 
(B) Correlation between EPIC1 epigenetic activation and IFNG response score in immune response signature. (C to E) Immunoblot of IFNGR1, p-STAT, and MHC-I in human 
cancer cell lines MCF-7 (C), NCI-H1299 (D), and HCT116 (E) cells stably expressing empty vector (Control) or EPIC1 further treated with the indicated concentration of IFN- 
for 24 hours. (F and G) Immunoblot of p-STAT in murine breast cancer cells 4T1.2 and colorectal cancer cells MC38 stably expressing empty vector (control) or EPIC1 fur-
ther treated with the indicated concentration of IFN- for 24 hours. LS, long exposure; SE, short exposure. (H and I) The measurement of p-STAT1 and MHC-I protein ex-
pression by immunoblot in MCF-7 (H) and NCI-H1299 (I) cells transduced with EPIC1 siRNA and further treated by JAK1/2 inhibitor ruxolitinib (5 m) with/without IFN- 
(5 ng/ml). LS, long exposure; SE, short exposure.
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Fig. 6. EPIC1’s regulation of type II interferon signaling is mediated by its interaction with EZH2 protein. (A) Correlation between EPIC1 expression and PRC2 inhib-
itor response in breast cancer cell lines. (B) Gene set enrichment analysis of enhancer of zeste homolog 2 (EZH2) targets in siEPIC1-treated MCF-7 cell lines. (C) The enrich-
ment of EPIC1 and U1 by EZH2 RNA immunoprecipitation assay analyzed by real-time quantitative polymerase chain reaction (qPCR). Immunoblot of EZH2 indicates the 
immunoprecipitation efficiency of EZH2 (right). LS, long exposure; SE, short exposure. (D) Immunoblot of EZH2 protein retrieved by in vitro transcribed EPIC1 from MCF-7 
and MC38 cells’ nuclear extracts. (E and F) Immunoblot of EZH2 pulled down by indicated EPIC1 truncations (E) and deletions (F). The right panels are the schematic of 
indicated EPIC1 deletions and their binding with EZH2 (i.e., EZH2-inter). (G and H) Measurement of p-STAT and MHC-I protein levels by immunoblot in MCF-7 (left) and 
HCT116 (right) stable cell line overexpressing EPIC1 and rescued with EZH2 siRNA treatment (G) or EZH2 inhibitor DZNep treatment (H). (I and J) Tumor size of EZH2 wild-
type (WT) or knocked out (KO) 4T1.2 cells stably expressed by empty vector (control) and EPIC1 (n = 5 animals per group). Tumor size was measured every other day. 
***P < 0.001. (K) Survival curve for each group in (I).
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the promoters of those genes (39). We also noticed that EPIC1 could 
down-regulate the basal level of MHC-I without IFN- treatment 
(Fig. 4, B to E). We thus further examined if the EPIC1-EZH2 axis can 
directly regulate antigen processing and presentation genes’ expression. 
The ChIP assays demonstrated that EPIC1 enhanced the binding of 
EZH2 and H3K27me3 on the promoters of antigen presentation 
genes and directly regulated their expression (Fig. 7, A and B, and 
fig. S10, A and B). These observations suggest that EPIC1 can, directly 
and indirectly, inhibit antigen presentation, which is mediated by 
EZH2 (Fig. 7F).

Recent clinical studies revealed that deficiency in antigen pre-
sentation and IFN-–JAK–STAT1 pathways resulted in the acquired 
resistance to immune-checkpoint blockade therapies (44–46). Given 
the observation that EPIC1 overexpression decreased the MHC-I–
mediated antigen presentation and JAK-STAT1 signaling, we sought 
to determine if EPIC1 can induce the resistance to anti–PD-1 therapy. 
For the control 4T1.2 mouse model, consistent with a previous study 
(47), anti–PD-1 antibody treatment delayed 4T1.2 tumor progres-
sion compared with isotype control antibody (Fig. 7, C and D). In 
contrast, there is no significant therapeutic difference between 
anti–PD-1 and isotype control antibodies in EPIC1-overexpressed 
4T1.2 tumors (Fig. 7, C and D). Moreover, anti–PD-1 antibody 
therapy resulted in significant improvement of overall survival for 
control 4T1.2 tumors, but not for EPIC1-overexpressed tumors 
(Fig. 7E). These data suggest the critical roles of EPIC1 in promot-
ing resistance of checkpoint blockade therapy in vivo. Together, our 
finding indicated that EPIC1 enhanced the epigenetic silencing of 
IFNGR1 and antigen presentation genes via specific binding with 
EZH2. This EPIC1-mediated inhibition of the IFN-–JAK–STAT1 
signaling and antigen presentation enables tumor cells to evade the 
immune surveillance and develop resistance to immune checkpoint 
blockade therapy (Fig. 7F).

DISCUSSION
In the past decade, enormous genomic efforts have been invested in 
identifying the clinically actionable biomarkers and regulators for 
the tumor immune response and immunotherapy response. Multi-
ple computational platforms (26, 48) have been developed to quan-
titatively estimate tumor immune cell infiltration using bulk tumor 
RNA-seq data. Despite using different algorithms and statistical 
frameworks, all of the existing computational platforms rely on 
immune-specific protein-coding gene markers that are selected on the 
basis of prior knowledge. In this study, by integrating the noncod-
ing transcriptome with the immune response profile of patients 
from 32 cancer types, we have characterized four clusters of lincRNAs 
that show distinct correlation patterns with tumor immune re-
sponse in multiple cancer types. We have shown that a great num-
ber of tumor immune associative lincRNAs are expressed in a highly 
immune tissue-specific manner, which may be involved in the dif-
ferentiation and function of innate and adaptive immune cells. On 
the basis of these immune-specific lincRNAs, we have further de-
veloped a LIMER score that can predict the immune cell infiltration 
and tumor patient prognosis in multiple cancer types. To the best of 
our knowledge, the LIMER is the first LIMER score that can be ap-
plied to the bulk-tumor RNA-seq data and robustly estimate the 
antitumor immune response in tumor tissue.

On top of the immune-specific lincRNA that can predict tumor 
immune response, our integrative analysis has also identified tumor 

cell–specific lincRNAs, which may be involved in the regulation of 
tumor immune response. Few genotype-immunophenotype associ-
ation studies can establish causal relationships regarding whether 
and how a genetic/epigenetic change in tumor cells regulates im-
mune response (16). In this study, by further integrating with DNA 
methylation data in the same patients with cancer, we have identi-
fied candidate lincRNAs that are specifically expressed in tumor 
cells and are associated with tumor immune response. We envision 
that some of these tumor cell–specific lincRNAs may play impor
tant roles in the tumor-intrinsic mechanism for immune suppres-
sion. Tumor-intrinsic mechanisms for immune suppression have 
been recently demonstrated to be key drivers for CTL suppression 
(26, 49). Previous studies have shown that loss of MHC, inhibition 
of IFN-, tumor necrosis factor, nuclear factor B, and Wnt path-
ways enable tumor cells to evade recognition or to be resistant to the 
cytotoxic effect from immune cells (50). Most recently, lincRNAs 
are also emerging to have important roles in tumor-intrinsic mech-
anism for immune suppression. For instance, lincRNA LINK-A 
down-regulates antigenicity and intrinsic tumor suppression by en-
hancing the degradation of antigen peptide-loading complex, which 
inhibits tumor-associated antigen presentation and T cell recogni-
tion (30). In this study, our computational analysis in patients with 
cancer revealed that epigenetic activation of EPIC1 inversely cor-
relates with the decreased MHC expression and decreased CD8+ 
T activation and infiltration in multiple cancer types. Our in vitro 
and in  vivo models demonstrated that EPIC1 plays an important 
role in tumor immune evasion and immunotherapy resistance by 
simultaneous suppression of the IFN-–JAK–STAT1 and antigen 
presentation pathways in tumor cells. We have further revealed that 
EPIC1 recruited EZH2 to epigenetically silence the expression of 
IFN- receptor IFNGR1 and antigen presentation genes in tumor 
cells. The simultaneous inhibition of IFN-–JAK–STAT1 signaling 
and antigen presentation pathway by EPIC1-EZH2 axis emerges as 
a novel mechanism for tumor immune evasion in solid tumors. In 
our future study, we will identify the mouse EPIC1 ortholog and 
create mouse models to study the in vivo functions of EPIC1 in tu-
mor immune evasion.

EZH2 has been well established to play a critical role in cancer 
initiation and metastasis (51). However, its role in tumor immunity 
has only been recently revealed. Ennishi and colleagues (19) have 
recently performed an integrative genomics study of 457 diffuse 
large B cell lymphoma (DLBCL) cases and found that EZH2 mutated 
in DLBCL tumors are characterized with decreased MHC-I and 
MHC-II expression compared with EZH2 wild-type tumors. More-
over, a recent study has also shown that EZH2 can epigenetically 
silence chemokine CXCL10 expression in tumor cells and results in 
the suppression of T cell infiltration (40).

Although its roles in tumorigenesis and immune modulation 
has been established to be important, how EZH2 is activated in 
solid tumor remains unclear. In follicular lymphoma and DLBCL, 
gain-of-function mutations in the EZH2 catalytic domain (e.g., 
SET domain) have been identified in 10 to 25% of patients (52, 53). 
However, in the solid tumor, the EZH2 gain-of-function mutations 
are at very low frequeqncy. Alternatively, the activation of EZH2 in 
solid tumors seems to be achieved by the genomic/epigenetic alter-
ations of its regulators. For example, loss of function of INI1, which is a 
core component of the SWI/SNF (SWItch/Sucrose Non-Fermentable) 
complex that acts in opposition to EZH2, leads to an oncogenic de-
pendency on EZH2 in solid tumors (54–57). In this study, we have 
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shown that EZH2 in the solid tumor can be activated by an oncogenic 
lincRNA, EPIC1, which has been previously demonstrated to be EA 
in up to 50% of tumor samples across multiple cancer types (27). 
This reveals a novel epigenetic mechanism for EZH2’s activation in 
the solid tumor and its subsequent suppression of TME and the fa-
cilitation of immune evasion. Notably, we observed that EPIC1 
overexpression also decreased the chemokine CXCL10 expression 
in human cancer cells and murine cancer cells (fig. S6A). In addi-

tion, because programmed death ligand 1 (PD-L1) expression is 
dependent on IFN-, resistance to programmed cell death protein 1 
(PD-1) treatment could also result from lack of PD-L1 expression 
on tumor cells. Future studies are necessary to determine whether 
EPIC1 can inhibit T cell infiltration and PD-1 response through in-
hibition of tumor CXCL10 secretion (40) and PD-L1 expression. 
Although we have shown that EPIC1 binds to EZH2 and increases 
EZH2 localization on IFNGR1 and MHC-1 promoter loci, it is not 

Fig. 7. Activation of EPIC1-EZH2 axis leads to anti-PD1 resistance through epigenetically silencing IFNGR1 and antigen presentation genes. (A and B) ChIP-qPCR 
analysis of H3K27me3 (A) and EZH2 (B) occupancy on the promoters of indicated genes in MCF-7 cells stably overexpressed with empty vector (control) or EPIC1. (C and D) Tumor 
size of 4T1.2 cells stably expressed by the empty vector (control) and EPIC1 after anti–PD-1 and isotype control antibody (IgG). Mice were treated with a control IgG antibody 
(n = 5) or anti–PD-1 antibody (n = 5). Tumor size was measured every other day and plotted individually in (D). *P < 0.05; **P < 0.01; ***P <0.001. (E) Survival curve for each 
treated group in (C). (F) Proposed model depicting the regulation of antitumor immunity and resistance to checkpoint blockade therapy by lincRNA EPIC1 in tumor cells.
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clear whether EPIC1 can regulate EZH2 chromatin recruitment 
globally or only a subset of EZH2 targets. Recently, a number of 
studies (58) have demonstrated that EZH2’s chromatin binding is 
dependent on its interaction with chromatin-associated RNA. In 
our future study, we will explore the mechanism how EPIC1 recruits 
and enhances EZH2’s binding of its target genes.

Collectively, the current study established a comprehensive land-
scape of the lincRNA–tumor immunity landscape. This should 
facilitate the ongoing effort in understanding lincRNAs’ role in tu-
mor immune response. Moreover, the functional characterization 
of the EPIC1-EZH2 axis and their essential role in the epigenetic 
reprogramming of the TME will pave the way for developing novel 
cancer immunotherapy by providing promising therapeutic markers 
and targets.

MATERIALS AND METHODS
Clinical and transcriptome data in patients
We collected the clinical information and the transcriptome data of 
11,080 TCGA (59) patients across 32 cancer types from the Genomic 
Data Commons (GDC) data portal. The analyses in this study were 
mostly restricted to primary tumor samples. For the cancer types 
where the primary tumor samples were not available, those that 
were metastatic were selected, resulting in a total number of 9626 
tumor samples. The transcriptome data from GDC were annotated 
based on human reference genome GRCh38 and were quantified as 
the gene-level expression in FPKM upper quartile. On the basis of 
the annotated gene biotypes, 19,668 protein-coding genes and 7528 
long intergenic noncoding RNAs were selected for the following 
analyses. To ensure cross-sample comparability, we normalized the 
expression level for all the genes by logarithmic transformation and 
normalization using the average expression of 98 housekeeping 
genes (60).

Genomic alteration data in patients
For DNA methylation, we used the same probe annotation for lincRNA 
regions as described in our previous publication (27) and obtained 
the Illumina 450K Human Methylation microarray beta values from 
6616 TCGA patients.

Immune signature, immune infiltration, and  
nontumor fraction
The 68 immune signatures were obtained from previous studies 
(24), and an enrichment score was calculated for each signature and 
each patient using the single-sample gene set enrichment analysis 
(ssGSEA) (61). Within each cancer type, the relative immune infil-
tration abundance of T cells, B cells, macrophages, dendritic cells, 
and natural killer cells was estimated by TIMER (25) for each indi-
vidual sample.

Identification of lincRNA-immunity regulatory clusters
To study the relationship between lincRNA and immune responses 
in cancer, we first calculated the Spearman correlation between 
lincRNA expression and immune signature enrichment scores 
across 32 cancer types. To identify significant genes in the correla-
tion analysis, we applied the Benjamini-Hochberg method to convert 
the correlation P values to false discovery rates (FDRs) and set 
FDR <0.1 as a threshold of significance. Next, we created a consen-
sus regulation (CR) score to measure the extent to which an lin-

cRNA associates with a corresponding immune signature in a 
pan-cancer manner: For each lincRNA m with a given signature n, 
the CR score is calculated by

	​​ CR​ m,n​​ = ​   ​ 
i=1

​ 
32

 ​I(​FDR​ i​​ ) ⋅ sign(​​ i​​ ) , where I(x ) = {​0,  x  ≥  0.1​ 1, x  <  0.1 ​​	

i and FDRi represent the coefficient and FDR of the Spearman cor-
relation in the cancer type i, respectively. This procedure generated 
a raw CR matrix and was further reduced to 4292 lincRNAs whose 
absolute CR scores were higher or equal to 5  in at least 10 signa-
tures, resulting in a final core CR matrix. To identify patterns be-
tween the lincRNAs in the core CR matrix, we applied t-SNE to 
embed these lincRNAs into a low-dimensional space. Specifically, 
t-SNE converted the similarity in CR profiles between lincRNAs to 
joint probabilities. It embedded each lincRNA in a way that lin-
cRNAs showing similar CR profile will have a higher probability of 
being picked as neighbors than those of the dissimilar ones. To in-
crease the stableness of embedding, t-SNE was initialized by the 
principal components analysis. This procedure finally led to a two-
dimensional t-SNE map embedded with 4292 lincRNAs.

Subsequently, a clustering algorithm named density-based spa-
tial clustering of applications with noise (DBSCAN) was imple-
mented to identify lincRNA-immune regulatory clusters from the 
t-SNE map. The parameters of DBSCAN were set to min_samples = 
150 and eps = 0.077, with the aim that each high-density region on 
the map is assigned to a separate cluster. This procedure revealed 
four lincRNA-immunity regulatory clusters with distinct CR pro-
files. Using these four clusters as initial assignment and the core CR 
matrix as the training set, a K-nearest neighbor classifier was trained 
with leaf_size = 75 and n_neighbours = 10. Using the trained classi-
fier, the identity of all lincRNAs was predicted and validated based 
on fivefold cross-validation showing a high accuracy (98.5%) for the 
classification of the initial four clusters. LincRNAs with a posterior 
probability lower than 0.99 were marked as “noise” and were ex-
cluded from the following analyses.

To characterize the lincRNA-immunity regulatory clusters, Spearman 
correlation analysis was applied to the lincRNA expression, nontu-
mor fraction, and immune cell infiltration. GSEA was applied to 
identify representative signatures for each cluster. The final resulting 
classification and representative signatures are shown in fig. S1B.

LincRNA selection for LIMER signature and prediction 
of clinically beneficial immune response
To identify lincRNAs that are specifically expressed in immune cells, 
we obtained the expression profiles of immune-related organs from 
Human Protein Atlas (62) and Illumina Body Map (63). Five immune-
related organs were selected for the downstream analyses: leuko-
cyte, lymph node, bone marrow, spleen, and tonsil. We required the 
lincRNAs to have an average expression level among the top 10% in 
immune-related organs from both databases and have a positive 
correlation with immune response in multiple cancer types, i.e., the 
lincRNAs should be in the C3 (positively correlated with immune 
response in multiple cancer types) cluster. These criteria resulted in 
a list of 105 lincRNAs, which were used as the LIMER signature. 
Next, we defined the LIMER score of a given patient as the median 
expression of lincRNAs in the LIMER signature. We computed the 
LIMER score for each patient from 17 TCGA cancer types with suf-
ficient tumor sample size (n > = 200), available immune infiltration 
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estimation, and survival information. To evaluate whether the LIMER 
score can predict immune response in patients, we correlated LIMER 
score with the immune infiltration fraction estimated by the TIMER 
algorithm (25, 26) using Spearman correlation methods. To test 
whether the LIMER score can indicate clinically beneficial immune 
response, we applied the Cox regression, log-rank test, and Kaplan-
Meier estimators to LIMER score and used progression-free inter-
vals as survival indicators for each cancer type. To compare the 
LIMER score between tumor and adjacent/normal samples, we ex-
cluded two cancer types [SKCM (Skin Cutaneous Melanoma) and 
LGG (lower-grade glioma)] from the above 17 cancer types due to 
the insufficient number of normal samples.

Identification of tumor-intrinsic regulators of the  
immune response
To identify potential tumor-intrinsic regulators of the immune 
response, we filtered out the lincRNAs that are expressed in any 
of the following immune-related organs: leukocyte, lymph node, 
bone marrow, spleen, and tonsil. Next, we selected lincRNAs 
that are overexpressed in tumor compared with adjacent normal 
with the below criteria: The lincRNA should have a P value from 
Wilcoxon test less than 0.01; if more than 20% of total lincRNAs 
can pass this criterion, then only top 20% lincRNAs with most 
differential expression will be selected. Last, to exclude those 
lincRNAs that are regulated by the immune response, we further 
overlapped the tumor-specific immune-associated lincRNAs with 
the EA lincRNAs in patients with cancer as defined in the previous 
publication (27).

RNA-seq analysis
We used STAR (Spliced Transcript Alignment to a Reference) and 
RSEM (RNA-Seq by Expectation Maximization) to profile RNA-seq 
data of A2780, A2780cis, MCF-7, and Hs578T cell lines after EPIC1 
knockdown. The gene expression was quantified in log2-transformed 
FPKM and annotated based on the human reference genome GRCh38. 
The RNA-seq data can be downloaded from the Gene Expression 
Omnibus (GEO) (GSE98538). To interpret the function of regulated 
genes after EPIC1 siRNA treatment, GSEA was performed using the 
50 cancer hallmark gene sets and 68 immune signatures on the log2 fold 
change of protein-coding genes. Significance was defined by FDR <0.1.

Single-cell ATAC-seq analysis
To address the tissue specificity of EPIC1, we have downloaded the 
single-cell ATAC-seq data from 28,274 TILs and ~5000 cancer cells 
from a published study (28). We used the established cell type infor-
mation from the study and mapped the chromosome coordinate of 
EPIC1’s promoter region to the single-cell chromatin accessibility 
profile of tumor-infiltrated immune cells and tumor cells.

Correlation analysis of drug response
Drug response data of 545 agents tested across 722 cancer cell lines 
are downloaded from the CTRP (35, 36). The drug response in each 
cell line is indicated by area under the curves. Expression data of 
cell lines are from the Cancer Cell Line Encyclopedia (64) and 
were downloaded from the Expression Atlas (65). The correlation 
analysis between EPIC1 expression and drug response was only 
performed on 582 cell lines (all cancer types) and 32 breast cancer 
cell lines with both drug response and genomic alteration data 
available.

Cell lines and reagents
Human breast cancer cell MCF-7, lung cancer cell NCI-H1299, and 
colorectal cancer cell HCT116 cell were purchased from the American 
Type Culture Collection. Murine breast cancer cell line 4T1.2 is a 
gift from S. Li’s laboratory. Murine colorectal cancer cell line MC38 
was obtained from B. Lu’s laboratory. Peripheral blood mononuclear 
cells (PBMCs) transduced with TCR gp100, 526-MEL, and 888-
MEL are from Dr. U. Kammula’s laboratory. PBMCs were cultured 
in complete medium [RPMI-1640, 10% heat-inactivated human 
AB serum (Gemini Bio-Products, Woodland, CA), 2 mM l-glutamine 
(Invitrogen, Carlsbad, CA), 50 U/penicillin (Invitrogen), strepto-
mycin (50 g/ml) (Invitrogen), gentamicin (50 g/ml) (Invitrogen), 
10 mM Hepes (Invitrogen), and Amphotericin B (250 ng/ml) (Invi-
trogen)]. MCF-7, NCI-H1299 cell, HCT116 cell, 4T1.2 cell, and 
MC38 cell were cultured in Dulbecco’s modified Eagle’s medium 
(Hyclone) supplemented with 10% fetal bovine serum (FBS) (Gibco). 
526-MEL and 888-MEL were cultured in RPMI-1640 (Hyclone) 
supplemented with 10% FBS (Gibco).

Human and mouse IFN- was purchased from Sigma-Aldrich. 
To treat the cells for 24 hours, 1, 5, and 25 ng/ml were used. JAK1/2 
inhibitor ruxolitinib and EZH2 inhibitor DZNep were purchased 
from Selleckchem. Ruxolitinib (5 M) was used to treat the cells for 
24 hours before detection. DZNep (5 M) was applied to treat the 
cells for 72 hours before detection. We use a CRISPR strategy for 
the deletion of EZH2. Cells were infected with the lentivirus pack-
aged by Cas9 and single-guide RNA (sgRNA) expression plasmid 
encoding puromycin resistance (Addgene plasmid, #52961). The 
guide sequences used were 5′-ACACGCTTCCGCCAACAAAC-3′, 
5′-TTCCAATCGTCAGAAAATTT-3′, and 5′-AGAACTTCATC-
CCCCATATA-3′ for mouse EZH2. The successfully knocked out 
cells were selected by immunoblot analysis for the lack of EZH2 
proteins. CRISPR-Cas9 SAM 3-vector [lenti dCAS-VP64, lentiMPH, 
and lenti sgRNA (MS2)] system was used to up-regulate endoge-
nous EPIC1 expression.

The control guide sequences used were 5′-CTGAAAAAGGAAG-
GAGTTGA-3′, and the guide RNA targeting the promoter of EPIC1 
was 5′-GATTCTCTCTGCCTGACCCA-3′.

Mice
Six- to 8-week old female C57BL/6 mice, BALB/c mice, and BALB/c nude 
mice were purchased from the Jackson laboratory. These mice were used 
for tumor implantation experiments. C57BL/6-Tg (TcraTcrb)1100Mjb/J 
OT-1 transgenic mice were purchased from the Jackson laboratory 
and used for OT-1 T cell isolation. For in vivo tumor implantation, 
1 × 105 4T1.2, 1 × 106 MC38, or 1 × 106 CT26 cells stably expressing 
empty vector or humanized EPIC1 resuspended in 50 l of phosphate-
buffered saline (PBS) were injected into the mammary fat pad of 
BLAB/c mice, C57BL/6 mice flank, or BLAB/c mice flank, respec-
tively. The tumors were measured every other day beginning on day 
3 from challenge to time of death. Death was defined when the vol-
ume of tumor size reaches 1000 mm3. For the TIL analysis, the 
tumors were harvested at day 15 after cell injection. For anti–PD-1 
therapy, 4T1.2 control and EPIC1-overexpressed mice were grouped 
into immunoglobulin G (IgG) antibody (BioXcell, MPC-11) treat-
ment and anti–PD-1 antibody (BioXcell, Clone J43) treatment. IgG 
and anti–PD-1 antibodies were conducted by intraperitoneal injection 
of 200 g per mouse from day 10 every 4 days for a total of three 
injections. All animal studies were performed in accordance with the 
institutional guidelines, and the experiments followed the protocols 
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approved by the Institutional Animal Care and Use Committee of 
University of Pittsburgh.

Antibodies
For immunoblotting, these antibodies are used: rabbit anti-STAT1 
(CST, #14994), rabbit anti–phospho-STAT1 (CST, #7649), rabbit 
anti-EZH2 (CST, #5246), mouse anti–MHC-I class I (Santa Cruz 
Biotechnology, #sc-55582), rabbit anti-IFNGR1 (Millipore, #MABF753), 
and mouse anti–-actin (Sigma-Aldrich, #A5441).

For flow cytometry, the following fluorochrome-conjugated 
antibodies are used: anti-mouse H-2Kb/H-2Db (clone 28-8-6, 
BioLegend), anti-mouse H-2Kb bound to SIINFEKL (clone 25-D1.16, 
BioLegend), anti-mouse CD3 (clone 17A2, BioLegend), anti-mouse 
CD28 (clone 37.51, BioLegend), anti-mouse granzyme B (clone 
GB11, BioLegend), anti-mouse B220 (clone RA3-6B2, BioLegend), 
anti-mouse CD49b (clone DX5, BioLegend), anti-mouse Gr-1 (clone 
RB6-8C5, BioLegend), anti-mouse MHC-II (clone M5/114.15.2, 
BioLegend), anti-mouse F4/80 (clone BM8, BioLegend), anti-mouse 
IFN- (XMG1.2, eBioscience), anti-mouse CD11b (M1/70, eBioscience), 
anti-mouse NK1.1 (clone PK136, BD), anti-mouse CD103 (clone 
M290, BD), anti-mouse CD206 (clone MR5D3, BD), anti-mouse 
CD24 (clone M1/69, BD), anti-mouse CD4 (clone GK1.5, BD), anti-
mouse CD45 (clone 30-F11, BD), anti-mouse CD8a (clone 53-6.7, 
BD), anti-mouse Foxp3 (clone MF23, BD), anti-mouse  TCR 
(clone GL3, BD), anti-human CD3 (SK7, BioLegend), anti-human 
CD4 (SK3, BioLegend), anti-human CD8 (SK1, BioLegend), and 
anti-human 137(4-1BB) (4B4-1, BioLegend).

Vectors, RNA interference, and lentiviral transfection
The full length of EPIC1 was amplified from the plasmid described 
before (27) and inserted into the PCDH-CMV vector, which was 
then named PCDH-EPIC1. The deletion mutants and truncated 
EPIC1 were constructed by using QuickChange II XL Site-Direct 
Mutagenesis Kit (Agilent Technologies). All of the abovementioned 
plasmids were verified by DNA sequencing at Genomics Research 
Core, University of Pittsburgh. The full length of OVA was pur-
chased from the Addgene. These constructs, together with pMD2.G 
and psPAX2, were transfected into 293T cells to produce lentivirus, 
the supernatant-containing lentivirus was collected at 48 hours af-
ter transfection. Cells were infected by the lentiviruses for 24 hours 
and selected with puromycin to establish stable expressing cell lines.

The siRNA targeting EPIC1, EZH2, and scramble was transfected 
with Lipofectamine RNAiMAX (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. The RNA or proteins were 
extracted at 48 to 72 hours after transcription. The sequences of 
these siRNAs are listed as follows: EPIC1, 5′-TCTAGAAGTCCGC-
CATTGCAAACACG-3′ (forward) and CTCGAGGCACCAG-
CAATTTTTTTTAT (reverse). The scrambled siRNA sequence was 
5′-GUGCGUUGUUAGUACUAAU-3′. The siRNA sequences for 
EPIC1 knockdown were 5′-CCUUCAGACUGUCUUUGAA-3′ and 
5′-GCUUUCUCUCGGAAACGUG-3′. The siRNA sequence for 
human EZH2 knockdown was 5′-GACUCUGAAUGCAGUUGCU-3’.

In vitro T cell killing assays
CD8+ T cells were isolated from spleens of OT-1 TCR transgenic 
mice using a CD8a+ T Cell Isolation Kit (Miltenyi Biotec) with a 
MidiMACS separator. Purified OT-1 T cells were then suspended 
in RPMI medium (Gibco) containing 10% FBS, anti-mouse CD3 
(clone: 2C11, 2 g/ml), and anti-mouse CD28 (clone: 37.51, 2 g/ml). 

After 48 hours of stimulation, activated OT-1 T cells were seeded 
into a new plate with fresh medium for 2 days of further culture. 
Afterward, T cells were collected for the coculture assay. MC38-
OVA cells (5 × 104) stained with CellTrace Far Red dye (Thermo 
Fisher Scientific) were exposed to stimulated OT-1 T cells at E:T 
ratios of 10:1, 5:1, 2:1, and 0:1 at 37°C for 24 hours. IFN- in the 
supernatant was measured by enzyme-linked immunosorbent assay, 
and the remaining tumor cells were analyzed by flow cytometry.

Gp100 TCR-transduced CD8+ T cells together with gp100+ 
526-MEL/888-MEL were used for coculture assay. gp100+ 526-MEL/888-
MEL cells (1 × 105) and T cells (1 × 105) were well mixed in T cell 
and seeded into 96-well plates. After 24 hours of coculture, T cells 
were collected and stained with propidium iodide (BD) followed by 
human anti-CD3+ (SK7, BioLegend), anti-CD4+ (SK3, BioLegend), 
anti-CD8+ (SK1, BioLegend), and anti-CD137 (4B4-1, BioLegend), 
which were then analyzed by flow cytometry. Deidentified human 
CD8+ T cells were obtained from UPMC Hillman Cancer Center 
under an exempt institutional review board protocol.

Analysis of TILs by flow cytometry
Mice were euthanized around 15 days after transplantation when 
the diameter of the tumor reached 8 to 10 mm. Isolated tumors 
were cut into small pieces and digested with Liberase TL (0.25 mg/ml) 
(Roche) and deoxyribonuclease (DNase) (0.33 mg/ml) (Sigma-
Aldrich) in 37°C for 30 min. Until now, single-cell suspensions 
were obtained. For IFN- and granzyme B staining, cells were stimu-
lated for 4 hours with phorbol 12-myristate 13-acetate (50 ng/ml) 
(Sigma-Aldrich) and ionomycin (1 g/ml) (Sigma-Aldrich) in the 
presence of brefeldin A (10 g/ml). After stimulation, cells were 
stained for indicated antibodies of surface marker, followed by 
treatment with fixation and permeabilization buffer (eBioscience) 
according to the manufacturer’s instructions. Cells were further 
stained with antibodies of intracellular markers. All the samples 
were applied to Fortessa FACS (BD Biosciences) and analyzed by 
Flowjo software (TreeStar).

Reverse transcription quantitative polymerase  
chain reaction
Total RNA from cultured cells were isolated using TRIzol. cDNA 
was synthesized from 2 g of RNA of each cell line by Reverse Tran-
scription Kit (Applied Biosystems, #4368813). Quantitative poly-
merase chain reaction (qPCR) was performed as reported previously 
(Cancer Cell paper). Primer sequences used for qPCR are listed as 
follows: glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
(human), 5′-GGTGAAGGTCGGAGTCAACG-3′ (forward) and 
5′- TGGGTGGAATCATATTGGAACA-3′ (reverse); IFNGR-1 
(human), 5′-GTCAGAGTTAAAGCCAGGGTTG-3′ (forward) 
and 5′-CTTCCTGCTCGTCTCCATTTAC-3′ (reverse); HLA-A 
(human), 5′-AAAAGGAGGGAGTTACACTCAGG-3′ (forward) 
and 5′-GCTGTGAGGGACACATCAGAG-3′ (reverse); HLA-B 
(human), 5′-CTACCCTGCGGAGATCA-3′ (forward) and 5′-ACAGC-
CAGGCCAGCAACA-3′ (reverse); HLA-C (human), 5′-CA-
C A C C T C T C C T T T G T G A C T T C A A - 3 ′  ( f o r w a r d )  a n d 
5′-CCACCTCCTCACATTATGCTAACA-3′ (reverse); B2M 
( h u m a n ) ,  5′-ATGTCTCGCTCCGTGGCCTT-3′ (forward) and 
5′-GACTTTCCATTCTCTGCTGG-3′ (reverse); TAP1 (human), 
5′-GCTGTTCCTGGTCCTGGTGG-3′ (forward) and 5′-TTTCGAGT-
GAAGGTATCGGC-3′ (reverse); TAP2 (human), 5′-CAATAGCAGCGG
AGAAGGTG-3′ (forward) and 5′-CTCGGCCCCAAAACTGCGAA-3′ 
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(reverse); TAPBP (human), 5′-CTCAGCCTCTCCAGCCTCTT-3′ 
(forward) and 5′-GAGCATCTTGTCCCAGTCTC-3′ (reverse); ERAP1 
(human), 5′-CGGAGACTTTCCACGGATTT-3′ (forward) and 
5′-GAAGGCAGGTTCATCAAAGC-3′ (reverse); ERAP2 (human), 
5′-GGTGATGGCTTTGAAGGGT-3′ (forward) and 5′-CCT-
GCTCTCTCTTCGTATC-3′ (reverse); IRF1 (human), 5′-CATGGCTGGG-
ACATCAACAA-3′ (forward) and 5′-TTGTATCGGCCTGTGTGAATG-3′ 
(reverse); IRF9 (human), 5′-AGGACCAGGATGCTGCCTTC-3′ 
(forward) and 5′-TAGGGCTCAGCAACATCCA-3′ (reverse); 
CXCL-10 (human), 5′-GCTGCCTTATCTTTCTGACT-3′ (forward) 
and 5′-GGACAAAATTGGCTTGCAGG-3′ (reverse); Gapdh (mouse), 
5′-CCTCGTCCCGTAGACAAAAT-3′ (forward) and 5′-GAGGT-
CAATGAAGGGGTCGT-3′ (reverse); H2d1 (mouse), 5′-AAGAAC-
GGGAACGCGACGCT-3′ (forward) and 5′-AACTGCCAGGTCAG-
GGTGAT-3′ (reverse); H2k1 (mouse), 5′-ATACCTGAAGAACGGGAACG-3′ 
(forward) and 5′-GTCAGCAGGGTAGAAGCCCA-3′ (reverse); 
B2m (mouse), 5′-CTGGTGCTTGTCTCACTGAC-3′ (forward) 
and 5′-GTATGTTCGGCTTCCCATTC-3′ (reverse); Tap1 (mouse), 
5′-CCACTCCTGCTTATCTTGGA-3′ (forward) and 5′-GATA-
AGAAGAACCGTCCGAG-3′ (reverse); Tap2 (mouse), 5′-GC-
CATCTTTTTCATGTGCCT-3′ (forward) and 5′-TCTCGTATCCGCAG-
GTTGA-3′ (reverse); Erap1 (mouse), 5′-CCTGTCTGAGAGTTTCCATG-3′ 
(forward) and 5′-ATCAAAGCAGGGAAAAGCCA-3′ (reverse); 
Tapbp (mouse), 5′-CTGCGGGAGCCTGTCGTCAT-3′ (forward) 
and 5′-CAGGGCGGAGGGTGCGTAGG-3′ (reverse); Cxcl-10 (mouse), 
5′-ATCCTGCTGGGTCTGAGTGG-3′ (forward) and 5′-TATGG-
CCCTCATTCTCACTG-3′ (reverse).

The relative mRNA expression was normalized to GAPDH and 
presented as fold changes.

Western blot
The total protein was extracted from indicated cells with radioim-
munoprecipitation assay (RIPA) lysis buffer supplemented with 1× 
protease inhibitor (Sigma-Aldrich) and phosphatase inhibitors 
(Thermo Fisher Scientific) for 30 min. The protein concentration 
was determined by a BCA Protein Assay Kit (Thermo Fisher Scien-
tific). Afterward, the cell lysates were supplemented with 5× SDS 
loading buffer and then denatured at 98°C for 10 min, further re-
solved on SDS–polyacrylamide gel electrophoresis, and transferred 
onto polyvinylidene difluoride membranes (Bio-Rad). The mem-
brane then was incubated with appropriate primary antibodies 
overnight at 4°C, followed by detection with horseradish peroxidase–
conjugated secondary antibodies for another for 1 hour at room 
temperature. Signal was visualized by enhanced chemiluminescence 
substrate (Thermo Fisher Scientific) and exposed by films with the 
AX700LE film processor (Alphatek).

ChIP analysis
MCF-7 and 4T1.2 cells were cross-linked with 37% formaldehyde, 
and the final concentration of 1.42% was obtained for 15 min at 
room temperature, which was quenched with 125 mM glycine for 
further 5 min at room temperature. Afterward, the cells were col-
lected and washed with cold PBS twice and lysed with 1 ml of IP 
buffer [150 mM NaCl, 50 mM tris-HCl (pH 7.5), 5 mM EDTA, NP-40 
(0.5% v/v), Triton X-100 (1.0% v/v)] containing protease inhibi-
tors (Sigma-Aldrich). The lysates were then sonicated to shear the 
chromatin to yield DNA fragment around 0.5 to 1.0 kb and cleared 
by centrifuging at 12,000g for 10 min, which were then incubated 
with 2 g of indicated antibodies and IgG overnight at 4°C, respec-

tively. Meanwhile, 10% of cleared lysates were taken as input. Pro-
tein A/G agarose beads (40 l) (Thermo Fisher Scientific) were sup-
plied into the lysates for a further 2-hour incubation at 4°C. The 
beads were washed with 1 ml of cold IP buffer for six times. Last, 
100 l of 10% Chelex 100 slurry was directly added into washed 
beads. After briefly mixing the samples, they were boiled for 10 min 
to isolate the DNA. Real-time qPCR detection was performed to 
evaluate the Ct value of targets in IP, normal IgG, and input DNA.

The primers used for target genes and control are listed as fol-
lows: human IFNGR1, 5′-TGACGGAAGTGACGTAAGGC-3′ 
(forward) and 5′-TACCGACGGTCGCTGGCTCCAA-3′ (reverse); 
human actin, 5′-AGTGTGGTCCTGCGACTTCTAAG-3′ (forward) 
and 5′-CCTGGGCTTGAGAGGTAGAGTGT-3′ (reverse); human 
HLA-A, 5′-ACAGGAGCAGAGGGGTCAGG-3′ (forward) and 
5′-CAATCCATACACCGCCTTCG-3′ (reverse); human HLA-B, 
5′-ACGAACTGCGTGTCGTCCAC-3′ (forward) and 5′-CT-
GCTCTTCTCCAGAAGGCA-3′ (reverse); human HLA-C, 
5′-ACATTCAGGTGCCTTTGCAG-3′ (forward) and 5′-CCTGTGTG-
GGACTGAGATGC-3′ (reverse); human B2M, 5′-CACTCACCT-
GATTTTTGGTTC-3′ (forward) and 5′-ATAGACGCCTCCACTAATCCT-3′ 
(reverse); human TAP1, 5′-AAAAGGGAGGGAGATGGAGT-3′ 
(forward) and 5′-GAAAAAGGGGTGCTACTGGG-3′ (reverse); 
Mouse h2d1, 5′-TTGTATTCCCGGAAGTGACCTT-3′ (forward) 
and 5′-TCACTGTTTCCTAACCTCCACC-3′ (reverse); mouse 
h2k1, 5′-ACTTTAAGGAAAAGCCTCTCTCTCC-3′ (forward) 
and 5′-AAAGCCTCTTCCGGGAATACAA-3′ (reverse); mouse 
b2m, 5′-AATAAATGAAGGCGGTCCCAGG-3′ (forward) and 
5′-TGGTGCCCTACTATCTAGGGTG-3′ (reverse); mouse tap1, 
5′-GAGAAGAACACGACAGGCCA-3′ (forward) and 5′-TCAG-
GCTGTTCTGGAAGCTG-3′ (reverse); mouse tap2, 5′-GGCT-
CAGGCAAGTTTTCTCAAC-3′ (forward) and 5′-GACCTC-
CGAGCATGTTTTAAGAAG-3′ (reverse);  mouse tapbp , 
5′-TCCCAACACCCCTCTGTTTG-3′ (forward) and 5′-CGC-
CACCTCCCTTAAAACCA-3 (reverse); mouse cxcl9, 5′-ACTC-
CCCGTTTATGTGAAATGGA-3′ (forward) and 5′-ACCA-
CAAATTGATCGTCCTGGG-3′ (reverse); mouse cxcl10 , 
5′-AGGAGCACAAGAGGGGAGAG-3′ (forward) and 5′-GG-
GAAGTCCCCTGTAAACCG-3′ (reverse).

RNA immunoprecipitation
Cells were washed with 1 × PBS twice and then cross-linked with 
0.3% formaldehyde for 10 min at room temperature. The cross-link 
was quenched with 0.125 M glycine for 5 min at room temperature. 
Cells were washed with cold 1 × PBS two more times, and 1 ml of 
RIPA buffer [150 mM NaCl, 50 mM tris (pH 7.4), 1.0 mM EDTA, 
1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 mM dithio-
threitol, protease inhibitor (PMSF), and ribonuclease inhibitor] was 
applied to lysate the cells. The lysis was then cleared by centrifuging 
at 13,000 rpm for 10 min. Ten percent of the supernatants were taken 
as input, and the remaining lysates were collected and supplied with 
indicated antibodies and IgG for overnight incubation at 4°C. Af-
terward, 40 l of protein A/G beads was added into lysates for a 
further 1 hour of incubation. The beads were washed with cold 
RIPA buffer for five to six times.

In vitro RNA pull-down assay
RNA pull-down assay was performed as described before with minor 
modification (27). Briefly, the biotinylated EPIC1 RNA was transcribed 
with a Biotin RNA Labeling Mix Kit (Roche, #11685597910) and T7 



Guo et al., Sci. Adv. 2021; 7 : eabb3555     10 February 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

16 of 18

RNA polymerase (Roche, #10881775001). Three micrograms of 
transcribed RNA was applied for further pull-down assay. Mean-
while, the MCF-7 and MC38 cells were harvested and washed with 
sterilized and cold PBS twice, and then nuclei were collected by nu-
clear isolation buffer [1.28 M sucrose, 40 mM tris-HCl (pH 7.5), 
20 mM MgCl2, and 4% Triton X-100]. One milligram of cleared 
nuclear lysates was used to incubate with in vitro transcribed RNA 
for overnight at 4°C. Afterward, 50 l of magnetic beads (Thermo 
Fisher Scientific, catalog no. 65001) was added for another 1 hour of 
incubation at room temperature. The beads were washed six times 
and boiled with 1×SDS loading buffer for 10 min at 95°C. The RNA 
bound proteins were analyzed by Western blot.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/7/eabb3555/DC1

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