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SUMMARY

Monoclonal antibodies (mAbs) targeting the onco-
genic receptor tyrosine kinase ERBB2/HER2, such
as Trastuzumab, are the standard of care therapy
for breast cancers driven by ERBB2 overexpression
and activation. However, a substantial proportion of
patients exhibit de novo resistance. Here, by
comparing matched Trastuzumab-naive and post-
treatment patient samples from a neoadjuvant trial,
we link resistance with elevation of H3K27me3, a
repressive histone modification catalyzed by poly-
comb repressor complex 2 (PRC2). In ErbB2+ breast
cancer models, PRC2 silences endogenous retrovi-
ruses (ERVs) to suppress anti-tumor type-I interferon
(IFN) responses. In patients, elevated H3K27me3

in tumor cells following Trastuzumab treatment
correlates with suppression of interferon-driven viral
defense gene expression signatures and poor
response. Using an immunocompetent model, we
provide evidence that EZH2 inhibitors promote inter-
feron-driven immune responses that enhance the
efficacy of anti-ErbB2 mAbs, suggesting the poten-
tial clinical benefit of epigenomic reprogramming
by H3K27me3 depletion in Trastuzumab-resistant
disease.
INTRODUCTION

The anti-ERBB2 monoclonal antibody (mAb) Trastuzumab has

revolutionized the treatment of ERBB2+ cancers, including

approximately 20%ofmammary tumors. However, even in com-
C
This is an open access article under the CC BY-N
bination with cytotoxic chemotherapy, responses to Trastuzu-

mab are limited by primary (de novo) and acquired resistance

in most cases (Rimawi et al., 2015). In keeping with clinical cor-

relations between pathological complete response (pCR) to

anti-cancer therapies in the neoadjuvant setting and overall

survival, primary resistance to neoadjuvant Trastuzumab in

ERBB2+ breast cancer is associated with a particularly poor

outcome (Mayer et al., 2015). However, the molecular mecha-

nisms responsible for de novo Trastuzumab resistance remain

incompletely characterized. While most studies have focused

on modifications and protein-protein interactions involving

ERBB2 or co-operating genetic events constitutively activating

downstream pathways (Loibl et al., 2014; Majewski et al.,

2015; Wilken and Maihle, 2010), Trastuzumab is thought to act

largely through the host immune system, eliciting antibody-

dependent cellular cytotoxicity (ADCC) to eliminate ERBB2+

tumor cells (Clynes et al., 2000; Mimura et al., 2005; Spiridon

et al., 2002). Overall, there is an urgent need to improve the un-

derstanding of mechanisms promoting Trastuzumab resistance,

with a view to improving clinical outcomes for patients with

aggressive, ERBB2+ breast cancers.

Alterations in the patterns of chemical modifications of DNA

and histones can perturb transcriptional programs affecting

cellular identity and are well-established drivers of many can-

cers. Epigenetic reprogramming can also mediate resistance

to targeted therapies (Scott et al., 2016; Sharma et al., 2010).

However, few studies have examined the role of epigenetic regu-

lation in Trastuzumab resistance. Among the most prominent

epigenetic modifiers implicated in ERBB2+ breast cancer is pol-

ycomb repressor complex 2 (PRC2) (Holm et al., 2012; Kleer

et al., 2003), containing the methyltransferase subunit EZH2,

which targets lysine 27 of histone H3 to repress transcription.

PRC2 exerts context-dependent oncogenic and tumor-suppres-

sive functions in various tumor types. In breast cancer, EZH2

overexpression is well documented in aggressive subtypes,
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Figure 1. Depletion of Global H3K27me3 in ERBB2+ Breast Cancer Induces a Type-I Interferon Response and Correlates with Patient

Response to ERBB2 Targeted Therapy
(A) Proliferation of ERBB2+ cell lines treated with DMSO, GSK126 (2 mM), or EPZ-6438 (2 mM) for 72 h prior to initiation of the assay (representative of four in-

dependent experiments). H3K27me3 levels were assessed by immunoblotting (bottom panel).

(legend continued on next page)
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including ERBB2+ tumors, where it correlates with the abun-

dance of tri-methylation on H3K27 (H3K27me3) (Holm et al.,

2012). However, the precise mechanisms by which PRC2 con-

tributes to ERBB2-driven mammary tumorigenesis are unclear,

and any potential function of PRC2 in resistance to ERBB2-tar-

geted therapies, including Trastuzumab, is unknown.

In this study, we have combined analysis of breast cancer pa-

tient samples with in vitro and in vivo functional studies to

demonstrate that PRC2 significantly attenuates the response

to anti-ErbB2 mAb therapy. We identify silencing of retrotrans-

posons—in particular, endogenous retroviruses (ERVs)—as a

critical function of PRC2 in ERBB2+ breast cancers. EZH2 inhib-

itors, which are currently progressing through clinical trials in

multiple tumor types, de-repress these transposable elements

to impair tumor cell proliferation and trigger anti-tumor immune

responses through the activation of a type-I interferon (IFN)

response. These findings reveal an important mechanism medi-

ating resistance to anti-ERBB2mAbs and delineate a strategy for

improving the clinical response to these important therapies.

RESULTS

Upregulation of PRC2Activity in Trastuzumab-Resistant
ERBB2+ Breast Cancers
We recently found that Ezh2 is essential for ErbB2-dependent

transformation of the mammary epithelium in vivo, while upregu-

lation of Ezh2 protein expression drives ErbB2+ tumor cell

growth (Smith et al., 2019). To examine the role of PRC2 in breast

cancer cells, we treated a panel of cell lines corresponding to

various molecular subtypes (Luminal/ERa+, ERBB2+, and

triple-negative breast cancer) with two independent EZH2

inhibitors. Supporting a role for H3K27me3 in ERBB2+ breast

cancer, EZH2 inhibition significantly attenuated the proliferation

ofmultiple ERBB2+ breast cancer cell lines at published concen-

trations (0.5–5 mM; Bitler et al., 2015; Huang et al., 2018b; Kim

et al., 2015; Knutson et al., 2013), consistent with the reported

plasma Cmax of Ezh2 inhibitors in patients (Italiano et al., 2018),

in a manner correlating with H3K27me3 loss (Figures 1A, S1,

and S2A). Furthermore, deletion or inhibition of Ezh2 blocked

proliferation in ErbB2-driven primary mouse mammary tumor
(B) Proliferation of Ezh2fl/fl or Ezh2fl/+ ErbB2+ transgenic mouse mammary tumor

the assay, or treated with Ezh2 inhibitors or DMSO as in (A). H3K27me3 levels we

SEM, *p < 0.05, one-way ANOVA with Tukey’s post-test.

(C) Pearson’s correlation analysis of EZH2 and H3K27me3 levels in core tumor bio

samples that scored 3+.

(D) Immunofluorescence analysis of H3K27me3 in ERBB2+ tumor cells in patient

tuzumab (8 mg/kg given prior to switching to the maintenance dose [2 mg/kg] fo

minimum values, box boundaries indicate first and third quartiles, and horizonta

(E) Gene expression profiling of ErbB2+ transgenic mouse mammary tumor cells

pathways (Reactome) in GSK126-treated cells. Middle panel: differential expressi

panel: IPA (ingenuity pathway analysis) of upstream transcriptional regulators of

infers the activation state of each predicted transcriptional regulator. Data are re

(F) Gene expression profiling of ERBB2-driven human cell lines (SkBr3) treated w

cells treated with GSK126. Bottom panel: factors predicted by IPA upstream reg

(G) Immunoblot of total and phosphorylated (Y701) STAT1. Top panels: SkBr3 and

Ezh2fl/fl NDL2.5 treated with adenovirus expressing LacZ or Cre recombinase fo

vehicle or GSK126 in vivo.

(H) Pearson’s correlation analysis of the interferon-stimulated gene signature (Fig

See also Figures S1–S3.
cells (Figures 1B, S2B, and S2C). To determine the clinical rele-

vance of these observations, we examined tumor-cell-specific

H3K27me3 levels and EZH2 protein expression in patient sam-

ples (Figure S2D). We confirmed a positive correlation between

tumor-cell-specific H3K27me3 and EZH2 levels, as observed

previously (Holm et al., 2012) (Figure 1C). To determine whether

PRC2 was implicated in the response to Trastuzumab, we

compared H3K27me3 levels in matched core biopsies of

ERBB2+ breast cancers obtained prior to and following neoad-

juvant Trastuzumab (Varadan et al., 2016a), correlating changes

in H3K27me3 with clinical response. Strikingly, post-treatment

samples from Trastuzumab non-responsive tumors had signifi-

cantly elevated tumor-cell-specific H3K27me3 compared to the

baseline, potentially implicating PRC2 activity in Trastuzumab

resistance (Figure 1D; p < 0.05).

PRC2 Inhibition Triggers a Type-I InterferonResponse in
ErbB2+ Breast Cancer Cells
To identify PRC2-regulated gene expression programs impli-

cated in resistance to anti-ErbB2 mAbs, we treated ErbB2+

breast cancer cells with the Ezh2 methyltransferase inhibitor

GSK126 and performed transcriptomic profiling. We identified

782 differentially expressed mRNAs enriched in signatures of

IFN a/b signaling and predicted to be downstream of IFN a/b

regulators such as MAVS and TLR3 (Figure 1E). The induction

of a type-I interferon response upon depletion of global

H3K27me3 was also observed in human ERBB2+ breast cancer

cells (Figure 1F). We validated increased mRNA expression

of representative type-I interferon response-related genes

following a loss of Ezh2 function (Figures S3A and S3B). Accord-

ingly, IFNa/b secretion and STAT1 phosphorylation were

elevated in GSK126-treated ERBB2+ breast cancer cell lines

and ERBB2+ patient-derived xenograft (PDX) tumors (Figures

1G, S3C, and S3D). By linking RNA sequencing (RNA-seq) and

immunofluorescence data from therapy-naive and post-treat-

ment biopsies, we observed a negative correlation between

H3K27me3 and interferon-stimulated gene expression at base-

line in the clinical setting (Figure 1H). Trastuzumab-responsive

tumors also exhibited an increased expression of established

viral defense (Chiappinelli et al., 2016a) and interferon-regulated
cells infected with adenoviruses bearing Cre recombinase or LacZ 96 h prior to

re assessed by immunoblotting (bottom panel). Data in (A) and (B) are mean ±

psies from patients with stage II–III ERBB2+ breast cancer. High signal denotes

core biopsies prior to (Base) and 14 days after (Post) a loading dose of Tras-

r the duration of treatment). Upper and lower whiskers indicate maximum and

l line indicates the median. *p < 0.05, unpaired Student’s t test.

(NIC) treated with GSK126 or DMSO for 7 days. Left panel: predicted active

on of genes in the interferon (IFN)-stimulated gene signature (Reactome). Right

differentially expressed genes in GSK126-treated cells. The activation Z score

presentative of two independent experiments.

ith GSK126 or DMSO for 7 days. Top panel: IPA of pathways enriched in SkBr3

ulator analysis. Data are representative of two independent experiments.

NIC cells treatedwith DMSO, GSK126 (2 mM), or EPZ-6438 (2 mM) for 7 days, or

r 96 h. Bottom panel: data from endpoint ERBB2+ PDX tumors treated with

ure 1E) and H3K27me3 levels in ERBB2+ breast cancer patient core biopsies.
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gene expression signatures compared to non-responsive tu-

mors (Figures S3E and S3F). Collectively, these data suggest

that PRC2 opposes an interferon response involved in mediating

responsiveness to Trastuzumab.

PRC2 Suppresses Retrotransposon Expression in
ErbB2+ Breast Cancer Cells
Repressive epigenetic modifications can dampen the efficacy of

immunotherapies by silencing genes involved in cytokine re-

sponses (Peng et al., 2015). Genome-wide profiling of ErbB2+

cells (Figure 2A) revealed a loss of H3K27me3 upstream of the

transcription start site (TSS) for 9% of genes upregulated by

GSK126 treatment (Figures 2B and S4A). Cross-correlation of

RNA-seq and chromatin immunoprecipitation sequencing

(ChIP-seq) data revealed that key genes in the type-I interferon

pathway (e.g., Stat1, Ifit2) and signatures associated with the

Trastuzumab response (Kauraniemi et al., 2004; Végran et al.,

2009) were not directly repressed by PRC2. Interestingly, type-

I interferon genes did exhibit H3K27me3 peaks near their pro-

moters (Figures S4B–S4D), suggesting that their de-repression

may contribute to the induction of a type-I interferon response

upon Ezh2 inhibition in ErbB2+ cells. However, in agreement

with studies of other cell types (Ishak et al., 2016), H3K27me3

deposition in ErbB2+ cells occurred mainly in introns and inter-

genic regions, including genomic repeat elements (Figures 2B

and 2C). We identified differential expression of 294 retrotrans-

poson families in GSK126-treated cells compared to controls,

with 85% being upregulated (Figure 2D; Table S1). Prominent

among these were ERVs, the transcription of which generates

double-stranded RNA (dsRNA) that activates cytosolic sensors

to trigger type-I interferon signaling via the mitochondrial protein

MAVS (Yoneyama et al., 2015). Deep RNA sequencing of

GSK126-treated ERBB2+ PDX samples also revealed a signifi-

cant upregulation of specific ERV families (Figure S5A). Although

DNAmethylation is also important in silencing ERVs (Chiappinelli

et al., 2016a; Roulois et al., 2015), the expression of ERVs

marked by H3K27me3 was not induced by the inhibition of

DNA methylation using 50-Aza-2-deoxycytidine (decitabine)

(Figures S5B and S5C). Consistent with PRC2-dependent regu-

lation of dsRNA sensing and type-I interferon signaling, IFNa/b

blocking antibodies or silencing of MAVS rescued the prolifera-

tion of GSK126-treated cells and reduced STAT1 phosphoryla-

tion (Figure 2E).
Figure 2. H3K27me3 Peaks Are Enriched in Genomic Repeat Regions

(A) Heatmap showing H3K27me3 distribution within a �2 kb/+2 kb window cent

(B) Left panel: annotation of H3K27me3 sites in ErbB2+ cells. Middle panel: detaile

panel: enrichment of peaks in different genomic regions normalized to their occur

interspersed elements.

(C) University of California, Santa Cruz (UCSC) Genome Browser track showing

repeat regions from Repeat Masker. Yellow bar highlights coincidence of H3K27

(D) Fraction of retrotransposons plotted against the log expression of the reads pe

(red line) versus DMSO-treated (black line) NIC cells (left panel). Right panel: diffe

treatment with GSK126 (2 mM, 72 h)

(E) Top panel: proliferation of ERBB2+ tumor cells (UACC 893) treated with DMS

neutralizing antibody cocktail. Immunoblots showing STAT1 phosphorylation w

primary mousemammary tumor cells with shRNA-mediated silencing of MAVS in

assessed by immunoblot. Data are mean ± SEM, *p < 0.05, one-way ANOVA wi

See also Figures S4 and S5.
Anti-ErbB2mAb Therapy Is Enhanced by Ezh2 Inhibition
in an Immunocompetent ErbB2+ Breast Cancer Model
Type-I interferon responses can elicit powerful anti-tumor effects

through tumor-cell-autonomous mechanisms and by enhancing

immune surveillance (Snell et al., 2017). In light of our observa-

tions, and given that the immune system dictates responses to

anti-ErbB2 mAb therapy via ADCC (Clynes et al., 2000; Mimura

et al., 2005; Spiridon et al., 2002), we hypothesized that EZH2

inhibition would improve responses to anti-ErbB2 mAbs. To

determine whether GSK126 could enhance the efficacy of

ErbB2 mAb therapy, we used an immunocompetent, orthotopic

ErbB2+ allograft model and the anti-ErbB2 mAb clone 7.16.4,

which recognizes an epitope of rodent ErbB2 that overlaps

with the Trastuzumab-binding epitope of ERBB2 (Zhang et al.,

1999) and can be recognized by Fc receptor-expressing murine

immune cells. In two preclinical trials employing independently

derived cell lines, combined 7.16.4 mAb/GSK126 treatment

significantly attenuated tumor growth and elevated tumor cell

apoptosis, compared to all other groups (Figures 3A–3C and

S6A). Interestingly, combined 7.16.4 mAb/GSK126 treatment

did not alter PI3K or extracellular signal-regulated kinase (ERK)

pathway activation (Figure S6B), but it elicited the highest levels

of STAT1 phosphorylation (Figure 3D), suggesting the strongest

induction of an interferon-driven immune response. These data

are consistent with an enhanced response to 7.16.4 mAb/

GSK126 therapy via non-tumor-cell-autonomous mechanisms,

rather than effects on canonical ErbB2 signaling. Supporting

the involvement of the immune system, GSK126 could not sensi-

tize a resistant ERBB2+ PDX to anti-ERBB2 antibody therapy

(4D5) in immunocompromised hosts (Figure S6C). In immuno-

competent hosts, IFNg levels were elevated in GSK126 and

7.16.4 mAb/GSK126-treated tumors, consistent with leukocyte

recruitment (Figure S6D). Furthermore, inhibition of EZH2 in

breast cancer cell lines in vitro did not influence the response

to anti-ErbB2 mAbs (Figure S7), regardless of whether the cells

were initially sensitive to anti-ErbB2 mAbs (SkBr3) or de novo

resistant (NIC and HCC1954). These data are consistent with a

critical role for the immune system in the response to EZH2 inhib-

itor/anti-ErbB2 mAb combination therapy. We confirmed that

while the recruitment of CD4+ and CD8+ T cells was unaffected,

natural killer T (NKT) cell infiltration was significantly increased

by 7.16.4 mAb/GSK126 treatment (15.3% of CD45+ immune

cells versus <1% in other groups). Interestingly, infiltration of
in ERBB2+ Breast Cancer Cells

ered on the TSS in ErbB2+ cells treated with DMSO or GSK126 (2 mM).

d annotation of H3K27me3 peaks further segregated by repeat elements. Right

rence. LTR, long terminal repeat; LINE, long interspersed element; SINE, short

H3K27me3 in DMSO- (black) or GSK126- (red) treated NIC cells overlaid with

me3 peaks with LTR regions.

r kilobase of transcript per million reads (RPKM) in GSK126-treated (2 mM, 72 h)

rential retrotransposon expression (blue) and –log10 p value (orange) following

O or EPZ-6438 (2 mM for 5 days prior to the assay) and IgG or type-I interferon

ere performed at 96 h post-treatment. Bottom panel: proliferation of ErbB2+

the presence or absence of DMSO or EPZ-6438 (2 mM). MAVS knockdown was

th Tukey’s post-test.
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Figure 3. Global Reduction of H3K27me3

Enhances the Response of ERBB2 Mono-

clonal Antibodies to Dampen Tumor

Progression

Immunocompetent mice bearing orthotopic

ErbB2+ breast cancer allografts were treated with

Captisol (vehicle) + pAb101 (control Ab), 7.16.4

Ab + Captisol, GSK126 + pAb101, or 7.16.4 Ab +

GSK126 (n = 5 per condition).

(A) Tumor mass was assessed at endpoint. Bottom

panel shows representative images of endpoint

tumors from each treatment group.

(B) Tumor volume assessment at the indicated

times during treatment (mean ± SEM, *p < 0.05,

one-way ANOVA with Tukey’s post-test).

H3K27me3 levels in endpoint tumors were as-

sessed by immunoblot (bottom panel).

(C) Quantification of cleaved caspase 3 by immu-

nohistochemistry in endpoint tumors.

(D) Quantification of phospho-STAT1 (Y701) by

immunohistochemistry in endpoint tumors.

(E) Quantification of CD45+ cells and the percent-

age of T cells (CD3+/CD49b-), NKT cells (CD3+/

CD49b+), and NK cells (CD3-/CD49b+) among

CD45+ hematopoietic cells in endpoint tumors

(n = 5 per condition).

Data in (C)–(E) are mean ± SEM, *p < 0.05, un-

paired Student’s t test versus vehicle control.

See also Figures S6 and S7.
NK cells was also significantly increased in 7.16.4mAb/GSK126-

treated tumors (21.1%) and GSK126-treated tumors (16.7%),

compared to other groups (6.8%, 7.2%) (Figure 3E). Collectively,

these findings suggest that de-repression of retrotransposons

by EZH2 inhibition triggers a type-I interferon response and an

influx of cytotoxic leukocytes that potentiates the anti-tumor

response to anti-ErbB2 mAb therapy.

DISCUSSION

Genomic repeat regions play various roles in cancer cells,

including the regulation of proximal gene expression and activa-

tion of antiviral responses (Chiappinelli et al., 2016a; Roulois

et al., 2015). Here, we have combined multimodal analysis of

patient samples with preclinical models to show that PRC2

suppresses ERV expression and type-I interferon signaling in

ErbB2+ breast cancer, promoting resistance to anti-ErbB2

mAb therapy. These findings indicate a possible strategy to

improve primary responses in patients whose tumors are refrac-

tory to such treatment. Importantly, modification of the stromal

epigenome, including that of immune cells, by systemic EZH2

inhibition may elicit a complex response. For example, EZH2 is

an important determinant of T cell differentiation and survival
254 Cell Reports 29, 249–257, October 8, 2019
(Tong et al., 2014; Tumes et al., 2013;

Zhao et al., 2016). While such effects

may explain the absence of an increased

T cell infiltrate in our in vivo studies, we

note that the T cell population was not

decreased relative to vehicle controls.

However, chronic type-I interferon
signaling can also exhaust T cells (Benci et al., 2016; Yang

et al., 2014), which may necessitate the modification of dosing

strategies to activate immune surveillance without impairing

T cell effector function. The infiltration of 7.16.4 mAb/GSK126-

treated tumors by NKT and NK cells is in accordance with their

anti-tumor roles, including their ability to engage in ADCC

(Ochoa et al., 2017), and their recruitment and activity in

ErbB2+ cancers (Arnould et al., 2006; Park et al., 2018), where

their presence may correlate with a good outcome (Finak et al.,

2008). Notably, ongoing clinical trials are investigating strategies

involving anti-ErbB2 mAbs with improved binding to NK cell Fc

receptors (Huang et al., 2018a) or combining autologous NK

cell infusion with Trastuzumab (Yadav et al., 2019). Our data

are consistent with studies showing that Ezh2 loss enhances

the development and cytotoxicity of NK cells (Yin et al., 2015)

and stabilizes PLZF, a regulator of NKT cell identity, leading to

an expansion of the NKT cell population (Vasanthakumar et al.,

2017; Dobenecker et al., 2015). Anti-tumor immune responses

induced by EZH2 inhibition may also improve the treatment of

tumors with heterogeneous ERBB2 gene amplification and over-

expression, where the expansion of ERBB2-negative popula-

tions is associated with a poor response to Trastuzumab (Lee

et al., 2014; Vance et al., 2009).



Methylation of DNA and lysine 9 on histone H3 (H3K9me3) are

considered the principal modes of repeat element silencing in

mammalian cells. However, we and others have found that

retrotransposons can also be marked by H3K27me3 (Ishak

et al., 2016; Walter et al., 2016) and expressed upon a loss of

PRC2 function (Groh and Schotta, 2017; Leeb et al., 2010).

Furthermore, DNA methylation and H3K27me3 are mutually

exclusive in some cell types, including some ERBB2+ breast

cancer cells (Hon et al., 2012). Thus, the appropriate epigenetic

regulator that can be targeted as part of a combination strategy

to enhance anti-tumor immunity is likely to vary based on tumor

type. Nucleoside analogs that inhibit DNA methylation can

trigger ERV transcription and a type-I interferon response in

ovarian and colon cancer cells (Chiappinelli et al., 2016a; Roulois

et al., 2015) and are being explored in combination with immuno-

therapies (Chiappinelli et al., 2016b). However, their use for

treating solid tumors is restricted by unfavorable pharmacoki-

netics and dose-limiting toxicity (Ahuja et al., 2014), and their

ability to improve responses to mAbs or immunotherapies may

be limited by an impairment of leukocyte differentiation and func-

tion (Gao et al., 2009; Niu et al., 2018; Wang et al., 2017). EZH2

inhibitors are progressing through multiple clinical trials, are well

tolerated, and have shown efficacy in solid tumors (Italiano et al.,

2018; Taplin et al., 2018). Our findings suggest that EZH2 inhibi-

tion may potentiate anti-tumor immunity in cancers where PRC2

silences ERVs and suppresses type-I interferon responses, such

as ErbB2+ breast cancer. This may indicate a role for PRC2

targeting in combination with anti-ErbB2 mAbs as a strategy to

improve responses and combat resistance, leading to better

outcomes for patients with aggressive, ERBB2+ disease.
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Chemicals, Peptides, and Recombinant Proteins

Recombinant human EGF Wisent Cat# 511-110-UM

Recombinant human insulin Wisent Cat# 511-016-UG
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Magna ChIP Protein A/G beads Millipore Cat# 16-663

Collagenase B Roche Cat# 11088831001

Dispase II Roche Cat# D4693
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Thermo Fisher Cat# D1306
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RNEasy mini kit QIAGEN Cat# 74106
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ImmPRESS HRP Anti-Rabbit Polymer

Detection Kit
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Mouse IFNg ELISA kit RandD Systems Cat# MIF00

Human IFNb ELISA kit PBL Assay Science Cat# 41410

Episeeker Histone Extraction Kit Abcam Cat# ab113476

Deposited Data

Gene Expression Microarray data This paper GEO: GSE136157

Gene Expression RNA-Seq data This paper GEO: GSE136300
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H3K27me3 ChIP-Seq data This paper GEO: GSE136205

Experimental Models: Cell Lines

MMTV-NIC murine mammary tumor cell

lines

This paper N/A

MMTV-NDL2-5 murine mammary tumor

cell lines

This paper N/A

293T cells ATCC Cat# CRL-3216; RRID: CVCL_0063

SkBr3 cells ATCC Cat# HTB-30; RRID: CVCL_0033
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Hs578t cells ATCC Cat# HTB-126; RRID: CVCL_0332

Experimental Models: Organisms/Strains
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Dr. Stuart Orkin, Shen et al., 2008,

and The Jackson Laboratory

JAX mice stock# 022616;
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PrkdcscidIl2rgtm1Wjl/SzJ (NOD/SCID/

gamma)

Charles River JAX mice stock# 005557;
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Mouse: MMTV-NIC (NeuNDL2-5-IRES-Cre)
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Ursini-Siegel et al., 2008 and

The Jackson Laboratory

JAX mice stock# 032576;

RRID: IMSR_JAX:032576

Mouse: MMTV-NeuNDL2-5 Siegel et al., 1999 N/A

Mouse: FVB/N The Jackson Laboratory JAX mice stock# 001800;

RRID: IMSR_JAX:001800

Mouse: MMTV-Neu N202 (FVB/N-

Tg(MMTVneu)202Mul/J)

Guy et al., 1992 and

The Jackson Laboratory

JAX mice stock# 002376;

RRID: IMSR_JAX:002376

Mouse: MMTV-Cre Andrechek et al., 2000 N/A

Recombinant DNA

Plasmid: pMD2.G Addgene – Dr. Didier Trono Cat#12259; RRID: Addgene_12259

Plasmid: psPax2 Addgene – Dr. Didier Trono Cat#12260; RRID: Addgene_12260

Plasmid: pLKO.1shMavs Genetic Perturbation Service,

Goodman Cancer Research

Centre, McGill University.

The RNAi Consortium (TRC)

#TRCN0000124769

Oligonucleotides

Refer to Table S2.

Software and Algorithms

Prism version 5.0 GraphPad http://www.graphpad.com

Excel 2010 Microsoft https://products.office.com/

previous-versions/microsoft-excel-2010

Expression Console Affymetrix/Thermo Fisher https://www.thermofisher.com/us/en/

home/life-science/microarray-analysis/

microarray-analysis-instruments-software-

services/microarray-analysis-software/

affymetrix-transcriptome-analysis-

console-software.html

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Transcriptome Analysis Console (TAC) Affymetrix/Thermo Fisher https://www.thermofisher.com/us/en/

home/life-science/microarray-analysis/

microarray-analysis-instruments-software-

services/microarray-analysis-software/

affymetrix-transcriptome-analysis-

console-software.html

Ingenuity Pathway Analysis (IPA) QIAGEN https://www.qiagenbioinformatics.com/

products/ingenuity-pathway-analysis/#

EnrichR http://amp.pharm.mssm.edu/Enrichr/ Chen et al., 2013

LiCOR Odyssey v3.0 LiCOR Biosciences https://www.licor.com/bio/

Light Cycler 480 Analysis Roche Cat# 04994884001

HALO Indica Labs http://www.indicalab.com/halo/
LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new unique reagents. Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, William J. Muller (william.muller@mcgill.ca)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Models
All experiments involving mice were carried out under protocols approved by the McGill University Animal Care Committee (UACC)

and guidelines stipulated by the Canadian Council on Animal Care (CCAC). MMTV-NIC, MMTV-NeuNDL2.5, and Ezh2 conditional

knockout mice were described previously (Shen et al., 2008; Siegel et al., 1999; Ursini-Siegel et al., 2007). Cell lines derived from

the MMTV-NIC tumor model were injected into the cleared inguinal mammary fat pads of female immunocompetent N202/

MMTV-Cremice57,58 (5x105 tumor cells permouse). Patient-derived xenografts (PDX) were implanted into female NOD/SCID/gamma

(NSG) immunocompromised mice (Charles River Laboratories).

Mice were randomly assigned to treatment groups and monitored for tumor growth by twice-weekly palpation. Treatments began

once tumors had reached a size of 5 mm x 5 mm (approximately 65 mm3). GSK126 (custom synthesis by MercaChem) in 20% Sul-

fobutylether-b-cyclodextrin (Captisol - Medchem Express) was administered at 300 mg/kg three times per week by intraperitoneal

injection. 7.16.4 mAb was administered in doses of 100 mg via intraperitoneal injection, 2 times per week. Control mice received

equivalent volumes of vehicle (20%Captisol) and an isotype-matched control antibody (clone Pab101, versus SV40 Large-T antigen)

via intraperitoneal injection, following the same schedule. Hybridomas were purchased from ATCC and antibodies produced by

GenScript. Mice were weighed twice weekly and doses were adjusted according to bodyweight. Tumor growth was measured by

twice-weekly caliper measurements. Drug administration, data collection and data analysis were performed by separate individuals

who were blinded with respect to the treatment group of each mouse.

Human Subjects
PDXGCRC1991was established from a tumor sample from a 42 year-old female patient who underwent surgical excision of ERBB2+

invasive ductal adenocarcinoma at the Jewish General Hospital, McGill University, Montreal, QC, with informed consent under a pro-

tocol approved by the Research Ethics Office of the Faculty of Medicine, McGill University.

Matched tumor tissue samples collected pre- and post- Trastuzumab treatment are described in detail elsewhere (Varadan et al.,

2016a). Briefly, samples were collected from stage II-III ERBB2+ breast cancer patients enrolled in phase II neoadjuvant trials

(03-311, NCT00148668; and BrUOG 211B, NCT00617942). Informed consent was received from all patients prior to biopsy, after

which the patient then received a loading dose of trastuzumab (8mg/kg) and repeat biopsies were collected 14 days later. Pathologic

clinical response (pCR) was scored by institutional pathologists during the completion of preoperative therapy, with pCR defined as

the absence of residual invasive disease in both the breast and any sampled axillary nodes. Normalized RNA-Seq gene expression

profiles (log2-FPKM) were obtained for breast cancer biopsy samples in the BrUOG 211B (NCT00617942) clinical trial cohort as pre-

viously described (Varadan et al., 2016b). Patient response to preoperative Trastuzumab and chemotherapy was assessed using the

Residual Cancer Burden methodology as previously described (Varadan et al., 2016a). pCR (RCB0) and RCB1 were designated as

responders, while RCB2 and RCB3 were designated as non-responders. The EZH2 and H3K27me3 levels were assessed by immu-

nofluorescence in core biopsies of breast tumor from the same patients.
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Primary Cell Cultures and Cell Lines
This study used primary cultures and cell lines derived from mammary tumors of female MMTV-NIC and MMTV-NDL2-5 transgenic

mice. Tumorswere processedwith aMcIlwain tissue chopper (Mickle Laboratory Engineering), dissociated in collagenase B/Dispase

II (Roche) for 1 h at 37C, washed three times with PBS/1mM EDTA and plated in Complete Media (DMEM supplemented with 5%

FBS, EGF (5 ng/ml), Hydrocortisone (1 mg/ml), Insulin (5 mg/ml) and Bovine Pituitary Extract (BPE) (35 mg/ml)). Cells were grown in

a humidified, 5% CO2, 37�C incubator in Complete Media. The genotype of murine cell lines was authenticated by PCR on genomic

DNA to detect the presence of theMMTV-NIC orMMTV-NDL transgenes and the presence of wild-type and LoxP-flanked conditional

alleles and also by immunoblotting to detect the expression of ErbB2, Cre recombinase and Ezh2 proteins.

Human cell lines
Human breast cancer cell lines (see Key Resource Table) and 293T cells (for lentivirus production) were purchased from ATCC, used

at early passage and were not authenticated.

METHOD DETAILS

In vitro experiments
GSK126 and EPZ-6438 were reconstituted in DMSO and administered for 7 days, with replenishment on days 3 and 5. Cells were

seeded into 96 well plates for proliferation assays or histones were extracted for immunoblotting analysis on day 5. For in vitro abla-

tion of Ezh2, NeuNDL2.5 cells were infected with adenoviruses encoding Cre Recombinase or Lac Z (Gene Transfer Vector Core,

Iowa State University) and used at 72 h post-infection. 5-aza-20-deoxycytidine (Sigma) was used at 100nM for 72 h prior to assays.

Global DNA methylation status was assessed using a colorimetric Methylated DNA Quantification Kit (Abcam). Human Type 1 IFN

neutralizing antibody mixture (PBL Assay Science) was administered 24 and 72 h after plating cells (1:50, as per manufacturer’s in-

structions). Anti-ErbB2 mAbs 4D5 (non-humanized version of Trastuzumab – a gift of Genentech, a member of the Roche group) and

7.16.4 (BioXCell, BE0277) were administered to cultured cells at the concentrations indicated in the figures for 96h. Cell proliferation

was analyzed by using the CyQuant assay (Thermo Fisher, C7026), which is a fluorometric assaymeasuring nucleic acid content as a

proxy of cell number, or by phase-contrast based image analysis of cell confluency using the Incucyte Zoom instrument (Essen Bio-

sciences), with images taken at defined time points using a 10x objective and analysis using the associated software according to the

manufacturer’s protocols.

Lentiviral Production and Transduction
Lentiviruses bearing shRNA against MAVS were produced in 293T cells (ATCC) co-transfected with the vectors pMD2.G and

psPAX2, gifts from Dr. Didier Trono (Addgene plasmids #12259 and #12260). Lipofectamine 3000 (Invitrogen, L3000075) was

used for transfection according to the manufacturer’s instructions and virus-containing media was harvested and filtered through

a 0.45 mm filter at 24 and 48h post-transfection. MMTV-NIC cells were transduced in the presence of 10 mg/ml polybrene (Sigma,

107689). Transduced cell lines were selected and maintained in Complete Media with 2 mg/ml puromycin (BioShop, PUR333).

Adenovirus Infection
Adenoviruses bearing Cre recombinase or LacZ were purchased from the Viral Vector Core Facility of the University of Iowa Carver

College of Medicine. MMTV-NDL2-5 cells were infected at a MOI of 25 overnight in complete media with reduced serum (1% FBS),

with media replenished the following morning.

Transcriptional Profiling – Microarray
Affymetrix GeneChipMouseGene 2.0 ST arrays were used, according to themanufacturer’s protocols, to analyze gene expression in

2 independent NIC cell lines treated with GSK126 or DMSO for 72 h prior to RNA extraction. Total RNA was extracted using the

RNEasy kit (QIAGEN) and quantified using a NanoDrop Spectrophotometer ND-1000 (NanoDrop Technologies, Inc.) RNA integrity

was assessed using a Bioanalyzer 2100 (Aglient Technologies).

Transcriptional Profiling – RNA Sequencing
RNA from 2 independent samples per condition were isolated using the RNeasy kit (QIAGEN). RNA-seq was peformed by Novogene

(Beijing, China). Briefly, 4ug of total RNA was used for sequencing library preparation using either the NEBNext UltraTM RNA Library

Prep Kit for Illumina (NEB) following manufacturer’s instructions for mRNA sequencing, or the Ribo-Zero TM Magnetic Kit (Illumina)

250-300 base pair insert stand specific library with rRNA removal. PCR products were purified using AMPure XP system (Beckman

Coulter), and library quality was assessed on the Agilent Bioanalyzer 2100 system. Samples were sequenced on an Illumina HiSeq

platform (paired end, 150 base pairs).

For analysis of coding region gene expression on average, 40 million reads were obtained per sample. For analysis of non-coding

regions, on average 100 million reads were obtained per sample. Raw read of fastq format were then processed through Novogene

in-house perl scripts to obtain clean reads, by removing reads containing adapters, reads containing poly-N and low quality reads

from raw data. Index of the mm10 mouse or hg19 human genome was built using Bowtie v2.2.3, and paired-end clean reads were
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aligned to the reference genome using TopHat v2.0.12. HTSeq v0.6.1 was used to count the reads numbers mapped to each gene.

FPKM (fragments per kilobase of transcript per million mapped reads) of each gene was calculated based on the length of the gene

and reads count mapped to this gene. Differential expression analysis was performed using the DESeq R package (1.18.0). The p

values were adjusted using Benjamini and Hochberg’s method. Genes with an adjusted p value < 0.05 were considered as differen-

tially expressed.

Chromatin Immunoprecipitation (ChIP)
5 mg of anti-H3K27me3 (Millipore) or Normal rabbit IgG (Cell Signaling) was immobilized overnight at 4�C on 20 mL of Magna ChIP

Protein A+G magnetic beads (Millipore) diluted in 250 mL of PBS + 0.5% BSA and then washed 3 times with PBS + 0.5% BSA.

Approximately 3 3 107 NIC cells were fixed with a 1% final concentration of formaldehyde for 5 min at room temperature and

then lysed and sonicated. Equal amounts of chromatin were diluted in 2.5X ChIP dilution buffer (EDTA 2 mM, NaCl 100 mM, Tris

20 mM, Triton 0.5%) + 100 mL of PBS+0.5% BSA and added to the antibody-bound beads and left to rotate overnight at 4�C.
Next, beads were washed 3 times for 3 min at 4�C with 1 mL LiCl buffer (Tris 100mM, LiCl 500 mM, Na-deoxycholate 1%) then

once with 1 mL TE buffer. DNA was eluted with 150 mL of elution buffer (0.1M NaHCO3, 0.1% SDS) overnight at 65�C. Precipitated
DNAwas purified using aQIAquick PCRpurification kit (QIAGEN) and eluted in 60 mL of elution buffer. ChIP normalization was used to

reduce the effects of technical variation and sample processing bias, as outlined by manufacturer’s instructions (ChIP Spike-in

Normalization Strategy, Active Motif).

Analysis of Gene Expression Data
Ingenuity pathway analysis (IPA) of microarray target genes analysis of target geneswas done using Ingenuity Pathway Analysis Soft-

ware (Ingenuity Systems). Canonical pathway analysis identified significant pathways from the IPA library using Fisher’s exact test to

calculate p values. Reactome pathway analysis were performed using the EnrichR online tool (http://amp.pharm.mssm.edu/Enrichr/)

(Chen et al., 2013).

CHIP-Seq Analysis
After isolation of the DNA, it was sequenced using AAA base pair Paired end sequencing and reported as .fastq files. Data were as-

sayed for quality through the use of FASTQC and processed using trimmomatic1. Drosophila and mouse DNA was aligned to the

BDGP6 and mm10 reference genomes respectively through the use of BWA2. As previously described the mouse data were normal-

ized to remove background noise through the removal of random reads through the use of the Drosophila data. After the removal of

PCR bias and other artifacts through the use of SAMtools3 and PICARDtools using default parameters, broad peaks were called

through the use of MACS2 with default parameters.

RNA-Seq Analysis
Processing of RNA-Seq data were completed using a standard Tuxedo analysis pipeline. Data were assessed for quality control

through the use of FASTQC followed by Trimmomatic. The processed .fastq file was aligned to the mm10 reference genome through

the use of bowtie2. After standard processing the normalized gene expression table was analyzed through the use of single sample

gene set enrichment analysis on genepattern.

Viral Defense Gene Expression Signature
The per sample enrichment indices for the viral defense gene expression signature (Chiappinelli et al., 2016a)and the Reactome IFN

Signature were calculated on a per-sample basis using Single-Sample Gene Set Enrichment Analysis (ssGSEA) (Barbie et al., 2009).

These indices were compared in HER2+ patient tumor samples obtained prior to treatment (Base) and 14 days after (Post) a loading

dose of Trastuzumab within each response category using a One-Tailed Student T-Test. Similar analyses were conducted using the

H3K27me3-positive Intensities. Correlations of the percentage of H3K27me3-positive versus EZH2-Positive cells, as well as

H3K27me3-positive cells and the Reactome IFN signature indices was assessed using Pearson Correlation measure.

Retrotransposon expression analysis
After demultiplexing, reads for both human and mouse samples were processed using SAMtools (v1.4) and aligned using Hisat2

(v2.0.4) (PMID: 25751142) with default parameters. The coordinates and gene annotations used were based on the human (hg38/

GRCh38) and mouse (mm10/GRCm38) reference genome builds. Annotations for repeat elements were obtained from Repeat-

Masker (open-4.0.5). Quantitation of reads mapping to annotated repeat elements was performed using the Python module Pysam

(https://github.com/pysam-developers/pysam). Expression was then RPKM normalized. For inclusion in downstream analysis, ret-

rotransposable elements were required to have 10 mapped reads in at least one of the samples analyzed.
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ELISA
The Enzyme-linked immunosorbent assay (ELISA) was performed using the eBioscience mouse IFNg kit (MIF00, RandD Systems) or

human IFNb kit (PBL Assay Science). The protocol was followed as described in the technical manuals from the company, with a few

exceptions: protein lysates from samples were used at 50 mg total protein concentration and the sample. Incubation was performed

overnight at 4�C.

Flow cytometry
Mammary glands or tumors were excised and finely chopped using the McIlwain Tissue Chopper and dissociated in DMEM (Wisent)

containing 320 mL Liberase (160 mg/mL, Roche) and 200 mL of DNase (200mg/mL) for 45min at 37�C, with constant agitation. The cell

suspensions were incubated for 3 min with Lysis Buffer (NH4Cl solution) and two times in PBS with centrifugation at 3500RPM for

5min at room temperature. For flow cytometry analysis cell suspensions were resuspended in PBS and filtered through 100 mmmesh

and resuspended in 500 mL FACS Buffer (PBS with 5% FBS). Dissociated cell samples were incubated with fluorescently conjugated

antibodies for 30 min at 4�C and washed in PBS. Samples were run using the BD FACS CantoII and data from 100,000-250,000

events were collected from samples. Data were analyzed using FloJo Software. The following antibodies were used; CD3- efluor450

(1:100, 48-0032-82 eBioscience), CD4- efluor780 (1:100, 47-0042-82 eBioscience), CD8-V500 (1:200 560776 BD PharMingen),

CD11c-PeCy5.5 (1:100, 560584 eBioscience), CD11b- efluor450 (1:100, 48-0112-80 BD PharMingen), CD19-APC (1:100, 17-

0193-80 eBioscience), CD45-PE (1:300, 17-0193-80 BD PharMingen)

F4/80- PeCy7 (1:100, 25-4801-82 eBioscience), Gr1-FITC (1:100, 11-5931-82 eBioscience), CD24-Pacific blue (1:300, 101814

clone m1/69 BioLegend), CD29-PeCy7 (1:300, 25-0291-82 eBioscience), CD49b- PeCy7 (1:100, 25-5971-81 eBioscience),

Ter119-PE (1:300, 116207 BioLegend), and CD31-PE (1:300, 102507 BioLegend).

Protein Extraction and Immunoblotting
Freshly excised tumor tissue was immediately flash-frozen in liquid nitrogen, crushed with a mortar and pestle under liquid nitrogen,

allowed to thaw briefly and then lysed in ice-cold RIPA buffer (Tris-HCl 50 mM, pH 7.4, sodium chloride 150 mM, Nonidet P-40 1%,

sodium deoxycholate 1%, SDS 0.1%, 2 mM EDTA, 0.5 mM AEBSF, 25 mM b-glycerophosphate, 1 mM sodium orthovanadate, and

10 mM sodium fluoride). Cultured cells were lysed on ice in RIPA buffer. For immunoblotting of histones, the Episeeker Histone

Extraction Kit (Abcam) was used to extract histones according to themanufacturer’s instructions. Protein concentrations were deter-

mined by Bradford assay and 30 mg of total protein or 5ug of extracted histones were analyzed by immunoblot as previously

described19. A Li-COR Odyssey system (Li-COR Biosciences) was used for fluorescent immunoblotting and quantification was per-

formed using associated software. The following antibodies were used: H3K27me3 (C36B11 - Cell Signaling, 1/1000, Cat# 9733);

Ezh2 (D2C9) XP Cell Signaling Cat# 5246; b-Actin (Sigma-Aldrich, 1/2500, Cat# A5316), Histone H3 (Cell Signaling, 1/1000, Cat#

14269); STAT1 (Cell Signaling, 1/1000, Cat# 9176); P-STAT1 Tyr701 (Cell Signaling, 1/500, Cat# 9167); MAVS (Cell Signaling,

1/500, Cat# 4983); GAPDH (Novus, 1/2000, Cat# NB100-56875); pan-Akt (Cell Signaling, 1/1000, Cat# 2920); P-Akt Ser473 (Cell

Signaling, 1/1000, Cat# 4060); ERK1/2 (Cell Signaling, 1/1000, Cat# 9102); P-ERK1/2 Thr202/Tyr204 (Cell Signaling, 1/1000, Cat#

9101).

Immunofluorescence and analysis
Frozen sections of primary tumor core biopsy material from cohorts of HER2+ patients (described above) were fixed in 2% formalin

and blockedwith 10%Power Block (BioGenex, HK083) in PBS for 10min at room temperature. Sections were incubatedwith primary

antibodies at 4�C overnight and with secondary antibodies for one h at room temperature, followed by DAPI (4’,6-Diamidino-2-Phe-

nylindole, Dihydrochloride, ThermoFisher, D1306) for 15 min, washed three times in PBS and mounted in ImmuMount (Thermo Sci-

entific, 9990412). Primary antibodies used were: H3K27me3 (C36B11) - Cell Signaling, 9733, 1/100; Ezh2 (D2C9) XP - Cell Signaling,

5246, 1/500; ErbB2/c-Neu (AB3) - Calbiochem, OP15, 1/100; pan-Cytokeratin - Ventana, 760–2135, undiluted. Secondary antibodies

were Alexa Fluor 488 Donkey anti-Rabbit – Fisher Scientific, A21206; Alexa Fluor 555 Donkey anti-Rabbit – Fisher Scientific, A31572;

Alexa Fluor 488 Donkey anti-Mouse – Fisher Scientific, A21202; A31571; Alexa Fluor 647 Goat anti-Guinea pig – Fisher Scientific,

A21450. All fluorescent secondary antibodies were used at a dilution of 1/1000. Images were acquired using a Zeiss Axio Scan.Z1

slide scanner running ZEN software and analyzed using the HALO Highflex FL module algorithm (Indica Labs) to quantify the EZH2

and H3K27me3 signals specifically in the nuclei of pan-Cytokeratin-positive tumor cells, excluding the stroma. Average signal inten-

sities were calculated for each sample, and cells were also binned by fluorescence intensity ranging from 0 (no signal), 1 (weak signal),

2 (moderate signal) to 3+ (strong signal). Samples were divided into responders and non-responders based on clinical criteria

described above.

Quantitative Reverse Transcriptase-Polymerase Chain Reaction (QRT-PCR)
Total RNA was extracted from flash frozen mammary tumors using an RNeasy Mini Kit. cDNA was prepared by reverse transcribing

the isolated RNA using M-Mulv Reverse Transcriptase, Oligo-dT(23VN) and murine RNase inhibitor. Real-time quantitative PCR was

performed using LightCycler 480 SYBR Green I MasterMix and LightCycler 480 instrument (Roche) and analyzed using associated

software.
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5-mC analysis
5-mCwas quantified in genomic DNA isolated from cell lines using a DNEasy mini kit (QIAGEN, 69504). A modified ELISA with color-

imetric detection performed on immobilized genomic DNA in a 96wp format (Abcam, ab233486) was used according to the manu-

facturer’s instructions. The manufacturer’s data show that results obtained using this assay correlate closely with detection of

5-methylcytosine by LC/MS.

QUANTIFICATION AND STATISTICAL ANALYSIS

Information on group sizes and statistical tests are in the figure legends. In general, unpaired two-tailed Student’s t tests were per-

formed in GraphPad Prism or Microsoft Excel software unless otherwise specified. One-way ANOVA with Tukey’s post hoc test for

multiple comparisons and Kaplan-Meier analysis with logrank tests (Mantel-Haenszel) were performed using GraphPad Prism.

Fisher’s exact test for significance of differentially expressed pathways in transcriptomic data were performed using IPA software.

Throughout the study, p < 0.05 was defined as the threshold for significance.

DATA AND CODE AVAILABILITY

The accession number for the microarray data reported in this paper is: GEO: GSE136157. The accession number for the RNA-Seq

data reported in this paper is: GEO: GSE136300. The accession number for the ChIPSeq data reported in this paper is:

GEO: GSE136205.
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