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An EZH2-NF-kB regulatory axis drives
expression of pro-oncogenic gene
signatures in triple negative breast cancer

Gabrielle J. Dardis,1,2 Jun Wang,1,2 Jeremy M. Simon,1,3,4 Gang Greg Wang,1,2 and Albert S. Baldwin1,5,*

SUMMARY

The histone methyltransferase EZH2 has been studied most extensively in the
context of PRC2-dependent gene repression. Accumulating evidence indicates
non-canonical functions for EZH2 in cancer contexts including promoting para-
doxical gene expression through interactionswith transcription factors, including
NF-kB in triple negative breast cancer (TNBC). We profile EZH2 and NF-kB factor
co-localization and positive gene regulation genome-wide, and define a subset of
NF-kB targets and genes associated with oncogenic functions in TNBC that is en-
riched in patient datasets. We demonstrate interaction between EZH2 and RelA
requiring the recently identified transactivation domain (TAD) which mediates
EZH2 recruitment to, and activation of certain NF-kB-dependent genes, and
supports downstream migration and stemness phenotypes in TNBC cells. Inter-
estingly, EZH2-NF-kB positive regulation of genes and stemness does not require
PRC2. This study provides new insight into pro-oncogenic regulatory functions
for EZH2 in breast cancer through PRC2-independent, andNF-kB-dependent reg-
ulatory mechanisms.

INTRODUCTION

Enhancer of zeste homology 2 (EZH2) is the catalytic histone methyltransferase (HMT) subunit of polycomb

repressive complex 2 (PRC2). EZH2 and additional PRC2 subunits, including core subunits SUZ12 and EED,

function together to catalyze the trimethylation of lysine 27 on histone H3 (H3K27me3), which contributes to

gene silencing and heterochromatin formation.1–4 This activity is critical for embryonic development and

cell-specific gene expression, including silencing of specific genes in order to facilitate lineage commit-

ment, and EZH2 expression typically decreases as cells terminally differentiate.5,6 However, in addition

to mutation and deregulation, EZH2 is overexpressed in multiple types of hematological and solid tumors,

and this has been strongly associated with aggressive tumor subtypes and oncogenic activity including

high proliferation rate, tumor suppressor gene silencing, cancer progression, and poor patient out-

comes.7–14 Thus, targeting EZH2 is of considerable clinical interest.15,16 The current therapeutic strategy

largely focuses on traditional small molecule inhibitors to target the canonical catalytic activity of EZH2,

with additional approaches to disrupt or degrade PRC2 complex components.17–22 However, HMT inhib-

itors may exert only partial responses and other ‘‘epidrugs’’ when used as a monotherapy may face primary

resistance in solid tumors, including those where EZH2 may be overexpressed and dysregulated.23–26

Another barrier to therapeutic efficacy is reported non-canonical activity of EZH2 that may contribute to

disease independently of HMT activity or PRC2 protein interactions, and which current approaches would

fail to target.27–31

Non-canonical functions of EZH2 vary and appear context-dependent, but have included methylation of

non-histone substrates and non-PRC2 interactions with transcription factors to promote gene expres-

sion.27 For example, EZH2 has been shown to interact with the androgen receptor (AR) to promote gene

expression in castration-resistant prostate cancer (CRPC), and tomethylate STAT3 to promote downstream

signaling in glioblastoma.29,32,33 Combinations of these activities with canonical functions have also been

reported that underscore the spectrum on which non-canonical EZH2 can be characterized. For instance, in

Xu et al., it was shown that EZH2 functions independently of PRC2 in CRPC cells, yet requires an intact

methyltransferase domain.28
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In triple negative breast cancer (TNBC) and closely related basal-like breast cancer (BLBC) subtypes, EZH2

is overexpressed and in these contexts has been implicated in tumorigenesis and metastasis and charac-

terized as an oncogene.8,34–39 TNBC/BLBC tumors are generally more aggressive and often present a

worse prognosis for patients than other breast cancer subtypes, and further exhibit constitutively active in-

flammatory signaling via NF-kB which is additionally implicated in malignancy.40–48 Interestingly, EZH2 was

reported to interact with NF-kB transcription factors RelA and RelB to activate genes including IL6 in TNBC

cells.30 Additionally, our group showed in TNBC cells that EZH2, in an HMT-independent manner, drives

transcription of RELB which, in addition to being an NF-kB transcription factor and target gene, is also

individually implicated in hormone-negative breast cancers.49–51 However, the mechanism by which

EZH2 activated NF-kB transcription was unexplored in these reports. A partially disordered transactivation

domain (TAD) was recently identified in EZH2 that suggests amechanism reconciling the paradoxical ability

of EZH2 to promote gene expression with canonical repressive activity.52 We (J.W. and G.G.W.) recently

showed that the EZH2 TAD interacted with cMyc and p300 in mixed lineage-rearranged (MLL-r) leukemia

to mediate gene activation, and EZH2 TAD interactions with AR and its splice variant in CRPC were demon-

strated to promote oncogenic phenotypes and tumorous transformation.31,53

Here, we present evidence supporting non-canonical EZH2 activation of NF-kB in TNBC that expands upon

previous reports, especially considering NF-kB signaling and TNBC context. We integrate genome-wide

DNA localization of EZH2 with transcriptomic profiling to describe the landscape of non-canonical EZH2

activation in TNBC cell lines. We couple this with analysis of RelA, RelB, and NFKB2 to identify a subset

of co-occupied and co-activatedNF-kB target genes, including genes such asCYR61/CCN1 that are known

to promote the TNBC oncogenic phenotype.54–56 This transcriptional co-activation, as well as contribution

to migration and tumorsphere phenotypes appears dependent on physical interaction between EZH2 TAD

and RelA, and we further show EZH2 functional interaction with NF-kB is PRC2-independent. Biologically,

blocking EZH2 but not PRC2 components suppresses NF-kB target gene activation and tumorsphere

formation. Importantly, this identified EZH2-NF-kB regulated gene set was shown to be enriched in

TNBC patient samples.

RESULTS

EZH2 colocalizes with NF-kB transcription factors at NF-kB and cancer-related target genes

In addition to canonical functions as a gene repressor, EZH2 is reported to transcriptionally activate genes

in cancer contexts, including TNBC cells.30,51 To profile EZH2 activity in TNBC cells, we first performed

ChIP-sequencing of the TNBC cell lines MDA-MB-231 and SUM149. In MDA-MB-231 cells, we identified

22850 EZH2 peaks that overlapped with 6981 genes (gene body +/� 5kb) and 5655 gene promoters (tran-

scription start site (TSS) +/� 5kb). In SUM149 cells, we identified 3068 EZH2 peaks overlapping 1163 genes

and 970 gene promoters (Table S1). EZH2-bound genes (EZH2+) included canonical target genes DAB2IP

and MYT1, and gene set enrichment analysis (GSEA) revealed significant enrichment for developmental

gene sets in both cell lines (Figures 1A and S1A).57,58

As a transcriptional activator, EZH2 has been described to localize to genes independently of its canonical

activity. Thus, we compared EZH2 chromatin binding data in MDA-MB-231 cells to publicly available

MDA-MB-231 ChIP-seq data of the repressive mark H3K27me3, active gene and enhancer marks

H3K4me3 and H3K27ac, and ATAC-seq signal as a measure of chromatin accessibility (Figures 1B and

GEO: GSE77772, GEO: GSE72141).59–61 From these comparisons, we distinguished two populations of

EZH2-bound sites where approximately 75% of sites were conincident with repressive H3K27me3 signal

(EZH2+/K27me3+, top row; 17294/22850), and approximately 25% of sites were coincident with multiple

marks of open, active chromatin (EZH2+/K27me3-, bottom row; 5556/22850), suggesting this population

of EZH2 may localize to active genes.

Following our group’s and others’ reports of functional interaction between EZH2 andNF-kB in TNBC cells,

we performed motif analysis of MDA-MB-231 EZH2 peaks and found rel-homology domain (RHD) binding

motifs corresponding to NF-kB transcription factors RelA (p65) and p50/p52 among the significantly

enriched results (Figure S1B, Table S2).62–64 Further, NF-kB RHD motifs were also among significantly

enriched results for EZH2+/H3K27me3- sites (Figure S1C, Table S2). We hypothesized NF-kB transcription

factors may colocalize with EZH2 as co-activators at RELB and other target promoters, and first performed

ChIP-qPCR for EZH2 and factors RelA (which can activate RELB), p100/p52 (encoded by NFKB2, which

frequently heterodimerizes with RelB) and RelB itself in MDA-MB-231 and SUM149 cells.65–67 At both a
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previously published EZH2 binding site and a site containing an NF-kB binding motif (‘‘kBI’’) in the RELB

promoter, we indeed observed all factors bound to at least one locus in both cell lines (Figure 1C).51 We

next performed ChIP-seq to determine global promoter localizatation of unstimulated RelA, RelB, and

NFKB2 and found 1691 and 2919 RelA+, 19 and 156 RelB+, and 59 and 3437 p52+ promoters in MDA-

MB-231 and SUM149 cells, respectively (Table S1, GEO: GSE223959). We observed a greater number of

NFKB+ genes in SUM149 compared to MDA-MB-231 cells; the SUM149 cell line is derived from inflamma-

tory invasive ductal carcinoma and characterized as inflammatory, which may explain the higher presence

of NF-kB factors on DNA.68,69 Importantly, we found that our RelA-bound genes were common with about

56% (MDA-MB-231) and 69% (SUM149) of RelA-bound genes published in a 2020 ChIP-Seq study fromNgo

Figure 1. EZH2 colocalizes with NF-kB transcription factors at target genes in active chromatin

(A) EZH2 ChIP-seq tracks in SUM149 and MDA-MB-231 cells at canonical PRC2 target genes DAB2IP and MYT1.

(B) EZH2 ChIP-seq signal grouped by catalytic mark H3K27me3 presence or absence, further aligned with active H3K4me3, H3K27ac, and H3K4me1 histone

mark ChIP-seq signals and ATAC-seq chromatin accessibility signal.

(C) EZH2 and NF-kB transcription factors RelA, RelB, and NFKB2 occupancy at two loci in the RELB promoter. Percent inputs represented relative to Mock IP.

(D) Overlap of EZH2 and RelA, RelB, and NFKB2 union (‘‘NFKB’’) bound promoters (TSS +/� 5kb) in MDA-MB-231 cells.

(E) EZH2, RelA, RelB, and NFKB2 ChIP-seq tracks at promoters of NF-kB factor-encoding and target genes RELB,NFKB2, andNFKBIE in SUM149 and MDA-

MB-231 cells.

(F) Repressive H3K27me3 and active H3K4me3 mark enrichment atMYT1 and NF-kB target genes RELB, NFKB2, and NFKBIE in MDA-MB-231 cells. Percent

inputs represented relative to Mock IP.

See also Figure S1, Tables S1 and S2. All quantification graphs are presented as mean G SD. p values based on unpaired, two-tailed Student’s t test

assuming normal distribution as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant.
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et al. which, considering differences in cell line (TNBC versus MEF) and conditions (unstimulated versus

TNFa stimulation), we found to indicate biological agreement (Table S1).70

As there were relatively few RelB+ and p52+ promoters, the NF-kB factor bound-genes were combined into

the union set ‘‘NFKB.’’ We next determined which promoters were bound by both EZH2 and at least one

NF-kB factor within NFKB (EZH2+/NFKB+) in MDA-MB-231 and SUM149 cells. Our ChIP-seq results

indicated a subset of NF-kB bound genes were co-occupied by EZH2, including NF-kB factor-encoding

and target genes, such as RELB, NFKB2, and NFKBIE (Figures 1D–1E, and S1D–S1E). ChIP-seq binding

and co-occupation results were validated with ChIP-qPCR at canonical EZH2-PRC2 target genes

MYT1 and DAB2IP, and EZH2-NF-kB target genes NFKBIE (Figure S1G) in addition to RELB and NFKB2

(Figures 1C, 4C, and 4E). We found EZH2+/NFKB+ genes enriched for HALLMARK signature ‘‘TNFa

signaling via NF-kB’’ and other cancer-related signatures including ‘‘hypoxia’’ and ‘‘epithelial mesenchymal

transition,’’ as well as GO-slim biological process transcription signatures (Figure S1F). Further, RHD (p65

and p50/p52) motifs were among significantly enriched motifs colocalized by EZH2 and RelA (Figure S1H,

Table S2).

We next compared the 5556 EZH2+/H3K27me3- active chromatin sites with NFKB peaks and found 178

EZH2+/H3K27me3-sites overlapped at least one NF-kB transcription factor and 88 of the overlaps occured

within 5kb of the TSS of a gene (Table S1). These 88 genes, including NFKB2 and NFKBIE, constitute pu-

tative EZH2-NF-kB co-regulated genes and are enriched for the HALLMARK signature ‘‘TNFa signaling

via NF-kB’’ (Figure S1I). Notably, 94 EZH2+/NFKB+ sites were also present in the H3K27me3+ population;

however, they represent a much lower proportion than the co-occupied genes in active chromatin (0.6%

versus 3%). Since NF-kB transcription factor binding can be either activating or repressing, it is possible

EZH2 and NF-kB may interact as corepressors in TNBC cells.71 Finally, to validate our comparative analysis

using public data we performed ChIP-qPCR for H3K27me3 and H3K4me3 at EZH2-NF-kB co-occupied

genes. We observed enrichment of repressive H3K27me3 at canonical PRC2 target geneMYT1, and enrich-

ment of active H3K4me3 at proposed activated target genes RELB,NFKB2, andNFKBIE in agreement with

our in silico comparison (Figure 1F).

Together, we identified a subpopulation of EZH2 that binds genes in active regions of chromatin, and

found EZH2 and NF-kB transcription factors co-occupy a subset of NF-kB and other cancer-related genes

in TNBC cell lines.

EZH2 positively regulates expression of NF-kB genes including RELB and NFKB2

As EZH2 localized at NF-kB target genes in TNBC cells, we next asked whether EZH2 positively regulated

the transcription of these genes. To accomplish this, we treated SUM149 and MDA-MB-231 cell lines with

either non-targeting control or EZH2-targeting siRNA and performed RNA-seq. These experiments iden-

tified 3385 differentially expressed genes (DEGs) common between cell lines, approximately 16% of which

had an absolute value log2 fold change in expression greater than 1 (Figure 2A, Table S3, GEO:

GSE223959). With a well-established role as a gene silencer, we expected a loss of EZH2 to result in the

majority of DEGs to be upregulated. Interestingly, we observed a similar number of up- and down-regu-

lated DEGs in each cell line, which suggested EZH2 plays a substantial role as a positive regulator of

gene expression in TNBC cells (Figure 2B). RELB was among the most highly decreased genes in both

cell lines, and NFKB2 and NFKBIE were downregulated in MDA-MB-231 cells. Beyond family members,

we observed downregulation of NF-kB target genes including IL6, CCND1, and SOX9 (Table S3).

To further assess genes positively regulated by EZH2, we considered only genes downregulated with EZH2

knockdown (siEZH2down), of which there were 1598 common between SUM149 andMDA-MB-231 cells (Fig-

ure 2C). GSEA with HALLMARK sets revealed multiple cancer-related enrichments such as Myc target gene

and cell cycle signatures, as well as ‘‘TNFa signaling via NF-kB’’ (Figure 2D). We next performed qPCR to

validate EZH2 regulation of a panel of NF-kB target genes including RELB, IL6, NFKB2, CCND1, and SOX9,

and found all were downregulated significantly in at least one cell line, while canonical target gene DAB2IP

was upregulated in both cell lines following EZH2 knockdown (Figure 2E). Consistently, RelB protein levels

were decreased while DAB2IP protein levels were increased following EZH2 knockdown (Figure 2F). RelA

mRNA and protein levels remained unchanged, which suggests EZH2 is not regulating NF-kB genes indi-

rectly via downregulation of RelA itself (Figure S2A). If EZH2 positively regulated expression of genes such

as RELB, we expected a loss of target gene mRNA consistent with a loss of EZH2 protein, followed by a
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decrease in target gene product. Thus, we aimed to assess the dynamics of RELBmRNA and protein levels

following EZH2 knockdown across a series of time points. Relative to control treatment to normalize trans-

fection-induced responses, 6 to 72 h of siEZH2 treatment decreased EZH2 mRNA and protein levels

(Figures 2G, and S2B). Subsequent to decreased EZH2 protein levels, RelB mRNA and protein levels

decrease up to 48 h of siEZH2 treatment, with re-expression beginning at 72 h (Figures 2G and 2H).72 In

Figure 2. EZH2 is positively correlated with RELB and NF-kB genes

(A) 3385 common genes are differentially expressed (pAdj < 0.01) following EZH2 knockdown in SUM149 and MDA-MB-231 cells as detected by RNA-seq.

Validation of EZH2 knockdown at mRNA and protein level below.

(B) Up- and down-regulated gene counts following EZH2 knockdown in SUM149 and MDA-MB-231 cells. Red points on volcano plots indicate pAdj < 0.01.

(C) 1598 common genes are differentially downregulated following EZH2 knockdown (siEZH2down) in SUM149 and MDA-MB-231 cells (left), including NF-kB

targets RELB, NFKB2, and NFKBIE, and heatmap visualzation of log2FC values for each cell line (right).

(D) GSEA of common siEZH2-down genes using HALLMARK signature database.

(E) mRNA levels of a panel of NF-kB target genes in both SUM149 and MDA-MB-231 cells following EZH2 knockdown for 48 h (siEZH2).

(F) Protein levels of RelB and DAB2IP in both SUM149 and MDA-MB-231 cells following 48h siEZH2.

(G) RelB protein levels following siEZH2 over a course of 6–72 h in MDA-MB-231 cells.

(H) RELB mRNA levels following siEZH2 over a course of 6–72 h in MDA-MB-231 cells.

(I) RELB mRNA levels following Induction of EZH2 knockdown in Tet-On shEZH2 MDA-MB-231 cells using doxycycline treatment from 0 to 96 h.

See also Figure S2 and Table S3. All quantification graphs are presented as mean G SD. p values based on unpaired, two-tailed Student’s t test assuming

normal distribution as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant.
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addition to transient silencing, we utilized a stable, doxycycline-inducible 30UTR-targeting shEZH2 system

established in MDA-MB-231 cells (Figure S2C). Upon the addition of doxycycline, we found RELB mRNA

and, to a lesser degree, protein levels decrease over time (Figures 2I, and S2C).

In all, we found EZH2 positively regulated expression of hundreds of genes in TNBC cell lines, including

NF-kB factor-encoding and target genes, and cancer-related genes.

EZH2 coordinates with RelA and with RelB to positively regulate a subset of NF-kB target

genes

We next integrated our ChIP-seq and RNA-seq datasets to define an EZH2-NF-kB co-activated gene signa-

ture using MDA-MB-231 cells, as we detected a greater number of EZH2 ChIP-seq peaks compared to

SUM149 cells (Figure S1D). We compared genes bound by EZH2 (EZH2+) with genes differentially ex-

pressed following EZH2 knockdown (siEZH2up/down) and identified 713 EZH2+/siEZH2up and 517 EZH2+/

siEZH2down genes (Figure 3A, Table S3). EZH2+/siEZH2down genes were enriched for ‘‘TNFa signaling via

NF-kB’’ and other cancer-related gene signatures such ‘‘cell cycle’’ (Figure S3A). We then plotted EZH2

ChIP-seq peak signal from �5kb to +5kb centered on each TSS for bound and DEGs (Figure 3B). EZH2

signal intensity appeared similar between up- and down-regulated genes, with perhaps more spreading

on upregulated genes which may be expected as PRC2 spreads on heterochromatin.73 To determine

whether NF-kB factor binding was enriched at EZH2-activated genes, we first overlapped NFKB+ genes

against EZH2+ and siEZH2down genes (Figure 3C, Table S3). NF-kB factors localized to genes activated

Figure 3. EZH2 co-occupies and co-activates a subset of NF-kB genes with RelA and RelB

(A) Overlap of EZH2-bound (EZH2+) promoters with genes significantly (p < 0.01) up- or down-regulated by EZH2 knockdown (siEZH2up/down) in MDA-MB-231

cells.

(B) EZH2+ promoter (TSS +/� 5kb) ChIP-seq signal centered on TSS, sorted by siEZH2up (top) or siEZH2down (bottom) genes.

(C) Overlap of EZH2+ and NFKB+ promoters with siEZH2down genes.

(D) Traces of EZH2+ or RelA+ ChIP-seq signal intensity at siEZH2up (red) or siEZH2down (green) genes (topmost shown in heatmap, all signal integrated in

trace).

(E) Overlap of siRelAdown, siRelBdown, and siEZH2down (p < 0.01) genes in MDA-MB-231 cells.

(F) Heatmap of log2FC for common siRelAdown/siRelBdown/siEZH2down genes; RELB and CYR61/CCN1 indicated by arrows.

(G) Log2FC of CYR61/CCN1 mRNA following EZH2, RelA, and RelB knockdown (left) and EZH2, RelA, and RelB ChIP-seq tracks at the CYR61/CCN1 locus

(right).

See also Figure S3 and Tables S3–S4.
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by EZH2 (62 EZH2+/NFKB+/siEZH2down genes), but also siEZH2-downregulated genes lacking EZH2 bind-

ing (165 NFKB+/siEZH2down genes). Interestingly, both sets of genes were most highly enriched for ‘‘TNFa

signaling via NF-kB’’ indicating a potential indirect regulatory link between EZH2 and NF-kB in addition to

direct gene activation (Figures S3B–S3C). We next aligned RelA, RelB, and p52 ChIP-seq peaks against the

same groups of EZH2+/siEZH2up/down genes to visualize co-localization at DEGs. Overall, RelA, RelB, and

p52 had less signal than EZH2 at EZH2-regulated genes, but RelA still had appreciable signal for the

topmost EZH2-bound genes (Figures 3D, and S3D). Finally, when comparing EZH2+/NFKB+/siEZH2down

and EZH2+/NFKB+/H3K27me3- derived putative co-activated genes, we found an overlap of 19 genes

including NFKB2 and NFKBIE, as well as genes with reported roles in breast cancer pathophysiology

such as SDC4 (Figures S3E–S3F, Tables S1, and S3).74–76

Tomore directly assess commonly activated genes, we silencedRelA and RelB, followed by RNA-seq and inte-

gration with the EZH2-regulated cistrome in MDA-MB-231 cells (Table S4, GEO: GSE223959). Comparing all

downregulated genes, we found 73 siEZH2down/siRelAdown/siRelBdown genes (Figures 3E and 3F, Table S4).

These genes were enriched for NF-kB, Myc, and cell cycle signatures, similar to all siEZH2down genes (Fig-

ure S3G). Further, EZH2 binding was associated with 129 siRelAdown, 170 siRelBdown, and 31 siRelAdown/siRelB-
down DEGs (Figure S3H, Table S4). Of these co-activated genes,CYR61was confidently determined to both be

bound by EZH2, RelA, and RelB and downregulated upon silencing of each factor (Figure 3G). CYR61, also

known as CCN1, is a secreted extracellular matrix protein reported to promote breast tumorigenesis and

contribute to aggressive TNBC/BLBC phenotypes.54,55 Over 90% of siEZH2down/siRelAdown/siRelBdown genes

were bound by at least EZH2, and about 40% were co-occupied by EZH2 and RelA including SMURF1, which

is involved in breast cancer cell migration and invasion, and TRIM44, which is an NF-kB modulator and poor

prognostic factor in breast cancer patients (Figure S3I).77,78

In integrating genome-wide binding and transcriptomic data, we found that EZH2 and NF-kB factors both

co-occupied and co-activated a subset of genes characterized by NF-kB signaling and other cancer-related

signatures in TNBC cells.

EZH2 cooperates with RelA to increase NF-kB target gene expression and promoter

localization

Following evidence of promoter occupation and positive regulation of genes, we next aimed to demon-

strate direct transcriptional activation by EZH2. Transient overexpression of EZH2 with two separate

constructs, pCDNA-FLAG-EZH2 and pCDH-HA-EZH2, increased RelB and NFKB2 mRNA and protein

levels at 48 h in both SUM149 and MDA-MB-231 cells (Figures 4A–4B, and S4A–S4C). Closer examination

of EZH2 overexpression over a timecourse of 0–72 h revealed increases in both RelB and NFKB2 mRNA

levels following increases in EZH2 expression (S4D). Corresponding with increases inmRNA, transient over-

expression increased EZH2 occupation of the RELB andNFKB2, as well asMYT1 promoters inMDA-MB-231

cells (Figures 4C, and S4E). As we found EZH2 co-occupied and co-activated a subset of NF-kB genes with

RelA, we utilized luciferase reporter plasmids driven by either a kB response element, or the entire 1.7kb

RELB promoter region to directly assess cooperativity.65,79 EZH2 overexpression induces a modest in-

crease in NF-kB and RELB reporter activity over reporter alone in HEK293T cells, while RelA overexpression

increases reporter activity substantially. EZH2 and RelA co-expression resulted in the highest reporter ac-

tivity which suggest EZH2 and RelA cooperate to activate NF-kB genes such as RELB (Figure 4D). To assess

co-recruitment dynamics to the RELB promoter, we silenced either EZH2 or RelA and performed ChIP-

qPCR. We found EZH2 knockdown did not influence the presence of RelA, RelB, or NFKB2 at the RELB pro-

moter (Figure S4F). Interestingly, RelA knockdown reduced EZH2 presence at the RELB andNFKB2 but not

MYT1 promoters suggesting RelA is important for the localization of EZH2 to non-canonical NF-kB gene

loci (Figures 4E, and S4G).

We next asked whether EZH2 and RelA cooperate via physical interaction. Endogenous immunoprecipita-

tion of EZH2 from MDA-MB-231 lysates revealed expected interactions with EED, as well as interactions

with RelA (Figure 4F). Reciprocally, immunoprecipitation of RelA revealed EZH2 but not EED interactions,

indicating this is a PRC2-independent interaction (Figure 4G). Supporting a physical interaction is indeed

formed between EZH2 and RelA endogenously in TNBC cells, treatment of MDA-MB-231 cells with EZH2-

targeting proteolysis-targeting chimera (PROTAC) MS177 decreased the protein levels of RelA in a dose-

dependent manner corresponding with EZH2 protein loss (Figure 4H). Interestingly, RelB protein
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additionally decreased upon MS177 treatment which supports our proposed positive relationship

between EZH2 and RelB, and further is in agreement with previous reports of a trimeric EZH2-RelA-RelB

complex.30

EZH2 interacts with RelA via its transactivation domain to activate RELB and NFKB2 and

promote malignant phenotypes

Following recent reports of an EZH2 transactivation domain (TAD) that facilitates transcriptional

activity and co-activator interactions, we aimed to determine whether this domain facilitates interactions

with RelA.31,52 Indeed, a GST-EZH2 (135–200) construct containing the TAD was sufficient to pull

down RelA in vitro (Figure 5A). When two critical residues for transcriptional activity (F171/F145) are

mutated to alanine, lysine, or a combination, the in vitro interactions between the EZH2-TAD construct

and both RelA and RelB are lost, suggesting the functional TAD mediates EZH2-RelA/RelB interactions

(Figure 5B). Indeed, RelA is more efficiently co-precipitated with WT EZH2 compared to mutant TAD

EZH2 when co-expressed in HEK293T cells, and we found that RelA co-precipitated with reconstituted

WT but not mutant TAD EZH2 when expressed in MDA-MB-231 cells depleted of endogenous EZH2

(Figures 5C, and S5A).

Figure 4. EZH2 promotes the expression of RELB and NFKB2 cooperatively with RelA

(A) RELB andNFKB2mRNA levels following 48 h EZH2 overexpression with HA-EZH2 construct normalized to empty vector (EV) in SUM149 andMDA-MB-231

cells.

(B) RELB and NFKB2 gene product p100 protein levels following 48 h EV or EZH2 overexpression using HA-EZH2 construct in SUM149 and MDA-MB-231

cells.

(C) EZH2 occupancy of RELB and NFKB2 promoters following 48 h EZH2 overexpression using FLAG-EZH2 and HA-EZH2 constructs, normalized to EV

conditions, in MDA-MB-231 cells.

(D) Renilla-normalized luciferase signal generated from NF-kB response element reporter or RELB promoter reporter in HEK293T cells co-expressed with

EZH2, RelA, or RelA + EZH2.

(E) EZH2 occupancy of two loci in the RELB promoter and theNFKB2 promoter before (dark blue) and after (light blue) RelA knockdown inMDA-MB-231 cells.

Percent inputs represented relative to Mock IP.

(F) Immunoprecipitation of endogenous EZH2 from MDA-MB-231 cells and immunoblotting for EZH2, PRC2 subunit EED, and RelA.

(G) Immunoprecipitation of endogenous RelA from MDA-MB-231 cells and immunoblotting for RelA, EZH2, and PRC2 subunit EED.

(H) EZH2, RelA, and RelB protein levels following treatment with 48 h EZH2 PROTAC MS177 from 0.1 to 5mM in MDA-MB-231 cells.

See also Figure S4. All quantification graphs are presented as mean G SD. p values based on unpaired, two-tailed Student’s t test assuming normal

distribution as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant.
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Figure 5. EZH2 physically interacts with RelA and RelB via transactivation domain to activate RELB and NFKB2 and promote malignant

phenotypes

(A) In vitro pulldown of GST-EZH2 (135–200) containing the TAD and immunoblotting for RelA. Coomassie stain indicating loading of GST and GST-EZH2.

(B) In vitro pulldown of GST-EZH2 (135–200) or constructs with mutations to critical TAD residues (F171A/F145A, F171A/F145K, F171K/F145A, F171K/F145K)

and immunoblotting for RelA and RelB.

(C) HA-conjugated bead pulldown from doxycycline-induced MDA-MB-231 shEZH2 Tet-On cells with no, WT, or TAD K (F171K/F145K) HA-EZH2

reconstitution, followed by immunoblotting for EZH2 and RelA.

(D) Renilla-normalized luciferase signal generated from NF-kB response element reporter or RELB promoter reporter in HEK293T cells co-expressing RelA

with WT EZH2 or mutant TAD EZH2 (TAD A: F171A/F145A; TAD K: F171K/F145K) (dotted line indicates EV background luciferase signal).

(E) EZH2 occupancy of RELB andNFKB2 promoters in MDA-MB-231 shEZH2 Tet-On cells without induction, with 48 h doxycycline shEZH2 induction, or with

48 h doxycycline shEZH2 induction plus 24 h WT or mutant TAD EZH2 expression. Percent inputs represented relative to Mock IP.

ll
OPEN ACCESS

iScience 26, 107115, July 21, 2023 9

iScience
Article



We next assessed the requirement of the functional TAD for transcriptional co-activation and contribution

to cancer cell phenotypes by EZH2 and RelA. Contrary to our previous findings with WT EZH2, we found

mutant TAD EZH2 did not increase NF-kB and RELB reporter signal co-operatively with RelA

(Figures 5D,and 4D). Further, following induction of shEZH2 in MDA-MB-231 cells with a corresponding

loss of EZH2 localization and target gene expression, we found WT EZH2 reconstitution could rescue

both localization to the RELB andNFKB2 promoters and activation of gene expression to a greater degree

than TADmutant EZH2, whereas localization rescue levels are similar between WT and mutant EZH2 at the

MYT1 promoter (Figures 5E–5F, and S5B–S5C). As NF-kB signaling and EZH2 are both independently

reported to contribute to malignant characteristics, such as motility and stemness in TNBC cells, we

next assessed whether the TAD linking EZH2 with RelA was required for these phenotypes. We found

only WT but not mutant TAD could promote and rescue migration and non-adherent growth of MDA-

MB-231 cells (Figures 5G and 5H). Together, these data suggest that the TAD of EZH2, required for efficient

physical interaction with RelA, is important for non-canonical promoter localization, gene expression, and

downstream malignant phenotype contributions in TNBC cells.

EZH2 activation of NF-kB and promotion of malignant phenotypes is PRC2-independent

Although RelA immunoprecipitation revealed no EED interaction (Figure 4G), we nonetheless desired to

evaluate whether EZH2 activation of RELB and downstream promotion of malignant phenotypes is inde-

pendent of PRC2. Indeed, contrary to EZH2 knockdown, knockdown of SUZ12 and EED, PRC2 degradation

with EED-targeting PROTAC UNC6852, and EZH2 catalytic inhibition with GSK126 and Tazemetostat all

failed to decrease RELB mRNA levels (Figure 6A). Further, RelB protein levels were not decreased with

PRC2 component knockdown or degradation (Figure 6B). Further comparison of UNC6852 to EZH2-target-

ing PROTAC MS177 revealed that while UNC6852 dose-dependently decreased EZH2/EED but not RelA/

RelB protein levels, MS177 decreased both EZH2/EED and RelA/RelB protein levels (Figure 6C). Catalytic

inhibition of EZH2 with C24 did not alter levels of RelA or RelB protein and, downstream, we found that

MS177 decreased colony formation capability of MDA-MB-231 cells to a greater degree than catalytic in-

hibition alone (Figure 6D). Finally, MDA-MB-231 cells pre-treated with either UNC6852, siEZH2, or MS177

were subjected to non-adherent growth conditions. PRC2-targeting with UNC6852 did not significantly

impact mammosphere formation, while both siEZH2 and MS177 treatment significantly decreased both

mammosphere size and number (Figure 6E). Interestingly, GSK126 treatment was also found to decrease

sphere size and number, which is in agreement with reported contributions of EZH2 catalytic activity to

oncogenic TNBC phenotypes (Figure S6A).35,51 However, GSK126 treatment did not alter RELB expression

nor EZH2 occupation of the RELB promoter, supporting HMT-independent NF-kB activation (Figures 6A

and S6B). Taken together, these results indicate a PRC2-independent function for EZH2 important for

RELB activation and downstream malignant phenotypes.

The EZH2-NF-kB activation signature is enriched in TNBC/BLBC patients

Finally, we assessed whether EZH2-NF-kB co-activated genes are preferentially expressed in human TNBC

patients. Utilizing the METABRIC and TCGA databases accessed via cBioPortal, we first evaluated EZH2

and RELB expression levels in samples categorized either by estrogen receptor (ER) status or molecular

subtyping as defined by PAM50 plus claudin-low classification, where the basal-like subtype highly over-

laps with hormone receptor-categorized TNBC, and both ER-negative and basal-like cases are more

aggressive with a worse prognosis compared to other subtypes.80–85 We found EZH2 and RELB mRNA

levels were elevated in ER-negative and basal-like patient samples compared to other subtypes from

both METABRIC and TCGA databases (Figure 7A). Interestingly, SUZ12 and EED mRNA levels were not

elevated over other subtypes in the same ER-negative and basal-like cases, supporting the proposed

PRC2-independent role of EZH2 in these subtypes of breast cancer (Figure S7A). We next stratified patient

Figure 5. Continued

(F) EZH2, RELB, and NFKB2 mRNA levels in MDA-MB-231 shEZH2 Tet-On cells without induction, with 48 h doxycycline shEZH2 induction, or with 48 h

doxycycline shEZH2 induction plus 24 h WT or mutant TAD EZH2 expression.

(G) Migration at 0h and 24 h post-scratch wound of MDA-MB-231 shEV or shEZH2 Tet-On cells with 48 h doxycycline treatment alone, or 48 h doxycycline plus

48 h EV, WT EZH2, or mutant TAD EZH2 expression pre-wound (quantified as percent wound closure, right).

(H) Mammospheres after 7 days of non-adherent growth of MDA-MB-231 shEZH2 Tet-On cells without or with 48 h doxycycline shEZH2 induction (left), or

MDA-MB-231 shEZH2 Tet-On cells additionally stably expressing WT or mutant TAD EZH2 without or with 48 h doxycycline shEZH2 induction (right three)

(quantified as approximate number of mammospheres, right).

See also Figure S5. All quantification graphs are presented as mean G SD. p values based on unpaired, two-tailed Student’s t test assuming normal

distribution as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant.
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samples into quartiles by EZH2 or RELBmRNA level, then grouped cases with common EZH2 + RELB quar-

tile rankings such that the ‘‘EZH2+ RELBmRNA 4th quartile’’ group represents those patients within the top

quartile for both EZH2 and RELB (Table S5). Following this stratification, we found patient samples with the

highest levels of EZH2 and RELBmRNA constituted a higher percentage of ER-negative or basal-like sam-

ples compared to those with the lowest levels of EZH2 and RELB mRNA (Figure 7B). Additionally, the

METABRIC EZH2 + RELB 4th quartile cases had higher Nottingham Prognostic Indices, represented a

higher percentage of neoplasm histologic grade 3 samples, and constituted a higher percentage of pa-

tients who received chemotherapy compared to EZH2 + RELB 1st quartile case (Figure S7B). Further,

EZH2 and RELB mRNA levels were positively correlated in both ER-negative and basal-like + claudin-low

samples, while there is no significant correlation in ER-positive or luminal-like + HER2 samples from the

METABRIC dataset (Figure 7C). Finally, we assessed expression of the EZH2 and RelA co-activated genes

(EZH2+/RelA+/siEZH2down) in both datasets and found these genes tended to have higher expression levels

in basal-like samples compared to other subtypes, with some genes also highly expressed in claudin-low

subtype samples (Figure 7D). EZH2+/RelA+/siEZH2down genes with elevated mRNA levels in basal-like and

claudin-low subtypes exhibited corresponding elevated protein levels in patient samples from the Clinical

Proteomic Tumor Analysis Consortium (CPTAC) breast cancer proteogenomic landscape database (Fig-

ure S7C).86 Further, beyond elevation in basal-like and claudin-low subtypes compared to other BC sub-

types, these genes additionally appear elevated over other types of cancer profiled in the TCGA

PanCancer Atlas again highlighting the influence of cellular context on non-canonical EZH2 (Figure S7D).87

Figure 6. EZH2 activates RELB and promotes malignant phenotypes independently of PRC2

(A) EZH2 and RELBmRNA levels following siRNA-mediated knockdown of PRC2 subunits SUZ12 or EED (left), EED-targeting PROTACUNC6852 degradation

(center, compared to inactive control compound UNC7043; dose 6.25mM), or 5mM GSK126 or 0.5mM Tazemetostat treatment (right).

(B) RelB, SUZ12, EED, and EZH2 protein levels following siRNA-mediated knockdown of PRC2 subunits SUZ12 or EED, or EED-targeting PROTAC UNC6852

degradation (compared to inactive control compound UNC7043; dose 6.25mM).

(C) RelB, RelA, EZH2, SUZ12, and EED protein levels following 48 h UNC6852 treatment (left lanes) compared to 48 h EZH2 PROTAC MS177 treatment

(rightmost two lanes), further compared to 48 h catalytic EZH2 inhibitor C24, and MS177 control compounds ‘‘130’’ and ‘‘82’’ (center lanes).

(D) Colony formation capacity of MDA-MB-231 cells following 48 h catalytic inhibitor C24 treatment compared to 48 h treatment with inactive MS177N1 or

active MS177 compounds (2.5mM).

(E) Mammospheres after 7 days of non-adherent growth of MDA-MB-231 cells treated at the time of plating with EED PROTAC (UNC7043 vs. UNC6852;

6.25mM), EZH2 knockdown (siCtrl vs. siEZH2), or EZH2 PROTAC (DMSO vs. MS177; 2.5mM) (quantified as approximate number of mammospheres, right).

See also Figure S6. All quantification graphs are presented as mean G SD. p values based on unpaired, two-tailed Student’s t test assuming normal

distribution as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant.
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Together, we found EZH2, RELB, and EZH2-RelA activated genes were more highly expressed and corre-

lated in ER-negative and basal-like subtype patient samples, highlighting the clinical relevance of this non-

canonical EZH2 signaling axis in more aggressive subsets of breast cancer.

DISCUSSION

Our study demonstrates PRC2-independent EZH2 transcriptional activation of a subset of NF-kB target

genes in coordination with RelA, RelB, and NFKB2 in TNBC cells. It was previously reported that EZH2 in-

teracted with RelA and RelB to activate NF-kB signaling.30 Here, we expand on these findings by inte-

grating global promoter binding of EZH2 and NF-kB transcription factors with transcriptomic changes

following depletion of those factors to profile the EZH2-NF-kB co-activation signature in TNBC cells.

This allows us to define a specific NF-kB target gene signature positively regulated by EZH2, and provide

broader insights into the activating role of EZH2 in TNBC cells. Our genomic profile provides valuable

NF-kB binding data, especially under unstimulated conditions in disease context, and considering subunits

beyond RelA, and further provides a foundation for inquiries into additional oncogenic EZH2 gene activa-

tion implications in TNBC cells. Beyond NF-kB, we found EZH2-bound genes enriched for cancer-related

signatures including EMT and hypoxia, and positively regulated the transcription of genes enriched for Myc

target gene, cell cycle, and DNA repair signatures. We believe future studies interrogating EZH2-RelA con-

tributions to EMT, cell cycle, and other oncogenic processes, as well as exploring how EZH2 may promote

these phenotypes with co-activators beyond NF-kB transcription factors, would provide valuable insights

into TNBC cell signaling for therapeutic approach development.

We demonstrate EZH2 transcriptionally activates the genes encoding RelB (RELB) and p100 (NFKB2), which

is proteolytically cleaved to transcription factor p52. The canonical NF-kB signaling pathway functions

largely through RelA, while RelB and p52 constitute the non-canonical arm of NF-kB signaling. Beyond

different transcription factors, each signaling arm also has differing stimuli, mechanisms of activation,

target genes, and biological associations.67,88 It is possible that EZH2, by activating RELB and NFKB2, in-

creases the presence and activity of RelB-p52 heterodimers. This, along with co-activation with RelA, may

contribute to chronic NF-kB activation and complex inflammatory signaling in TNBC.43,46 The specific role

of RelB downstream of EZH2 activation, and in its own activation, remains unclear. In addition to EZH2 and

RelA cooperatively activating RELB, we found RelB could be pulled down with EZH2 along with RelA; inter-

estingly, RelA has been reported to dampen RelB activity, and RelA-RelB heterodimers, although infre-

quently described, have been reported to be transcriptionally inactive.89,90 We speculate the presence

of EZH2 may be necessary for the observed transcriptional activity of this trimeric complex, and that the

cellular context may permit gene activation. The dynamics of this complex and how it may contribute to

a feedforward non-canonical NF-kB signaling loop of RelB activating RELB and NFKB2 expression that

may aberrantly activate downstream immunity and inflammatory pathways,91 merits future study.

We additionally expand on the functional relationship between EZH2 and RelA. Not only do EZH2 and RelA

physically interact, depletion of RelA diminishes EZH2 localization at non-canonical promoters suggesting

a role in chromatin recruitment and gene targeting. Activation of these genes appears strongest when both

RelA and EZH2 are present, yet the specific function of EZH2 in this gene activation remains unclear. In prior

studies, EZH2 was suggested to interact with histone acetyltransferase p300, SWI/SNF, and RNA Pol II to

form a transcriptional activation complex.31,52 From this, we can speculate that a generic activation

complex including EZH2 and p300 is recruited to specific target genes by factors like RelA, and that this

specification would likely be cancer cell context-dependent. This question and the specific role and

Figure 7. EZH2 and RELB are highly expressed and positively correlated in aggressive breast cancer subtypes

(A) mRNA expression z-scores of EZH2 (left) and RELB (right) in different breast cancer subtypes (Estrogen Receptor (ER) status or PAM50 + Claudin-low)

from patients in both the METABRIC (top) and TCGA (bottom) databases. ER-negative and basal-like samples indicated in dark blue.

(B) Fourth and first quartiles of patient samples sorted by EZH2 and RELBmRNA z-scores (4th quartile = both high EZH2 and RELBmRNA; 1st = both low EZH2

and RELB mRNA) were identified and further classified by ER status (left) and PAM50 + Claudin-low subtype (right) for both METABRIC (top) and TCGA

(bottom) datasets.

(C) Correlation between EZH2 and RELB mRNA z-scores in either ER-negative and basal-like/claudin-low (left, dark blue) or ER-positive and luminal/HER2

(right, light blue) patient samples from theMETABRIC dataset. Pearson and Spearman correlation values and p values calculated on cBioPortal and reported

per correlation graph.

(D) Expression of EZH2+/RelA+/siEZH2down genes queried in both the METABRIC (left) and TCGA (right) datasets and sorted by PAM50 + claudin-low

subtype.

See also Figure S7 and Table S5.
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requirement of EZH2 in this transcriptional activation complex and downstream oncogenic impacts warrant

future study.

Reconciling our findings of EZH2 gene activation with well-established canonical gene repression, we

describe a mechanism by which EZH2 may promote transcription via its transactivation domain (TAD).

As recently reported, the typically buried TAD appears to structurally unlock in cancer contexts and allow

EZH2 to form non-PRC2 protein interactions, such as with Myc, AR, and as described here, RelA.31,52,53

Beyond mediating the physical interaction between EZH2 and RelA, we demonstrate a functional TAD is

required for EZH2 and RelA co-activation of RELB and NFKB2, including EZH2 localization to these pro-

moters and activation of their expression. Further exploration of the TNBC context-specific signals that

‘‘unlock’’ the EZH2 TAD and allow for RelA interaction and downstream co-activation is warranted. Residue

S21 of EZH2 is reported to be a site of cancer-specific phosphorylation by AKT, and this modification is re-

ported to make the TAD structurally available, as well as possibly serving as a ‘‘functional switch’’ away from

canonical PRC2 activity and contributing to non-canonical EZH2 activity in multiple types of cancer

including glioblastoma multiforme, CRPC, and breast cancer.28,33,92,93 We speculate phosphorylation at

this site in TNBC cells would reveal the TAD and subsequently allow EZH2 to form physical interactions

with non-PRC2 co-activators including RelA, which could then recruit EZH2 to target genes for transcrip-

tional activation.

Multiple variations of ‘‘non-canonical’’ EZH2 activity have been reported in breast and other cancers,

differing in details such as PRC2-independence and HMT-independence, which are well summarized

in recent reviews.27,94 Using both RNA interference and chemical degrader approaches, we demonstrate

EZH2 activation of target gene RELB does not require PRC2 subunits SUZ12 and EED. EZH2-NF-kB acti-

vation also appears HMT-independent as EZH2 inhibition does not mimic knockdown, and approximately

25% of EZH2 sites including NF-kB activated targets are not coincident with H3K27me3. Other

studies have reported EZH2 ‘‘solo’’ sites that are similarly devoid of PRC2 or H3K27me3, but we

believe there may be more complexity involved. As reported in a 2021 study in CRPC analyzing AR-bound

genes, it was found that although EZH2 bound these genes at the highest frequency, subcomplexes of

EZH2-SUZ12, EZH2-EED, and the entire PRC2 core complex were present at notable frequencies.32

Indeed, alterations in PRC2 subcomplex combinations as mediated by GATA factors has been

reported to mediate non-canonical functions.95 We believe further ChIP-seq analysis of PRC2 subunits

in comparison with our EZH2 and NF-kB binding data may reveal similar groups of subcomplexes in

TNBC cells, which would allow for greater specificity in the definition of ‘‘PRC2-independent’’ non-canon-

ical activity.

Finally, we utilizemigration and tumorsphere assays to demonstrate cancer-relevant phenotypic impacts of

EZH2-NF-kB signaling in TNBC cells. In all, we found non-canonical, PRC2-independent EZH2 activity to be

the most important for maintaining or promoting malignant phenotypes, suggesting that the current

therapeutic strategies targeting only canonical EZH2 catalytic activity or PRC2 interactions may be incom-

pletely effective. EZH2 inhibition may display anti-tumor effects both in models and clinical trials, however,

as epidrugs as monotherapy are already known to face primary resistance in solid tumors and non-canon-

ical EZH2 activity independently drives oncogenic phenotypes, we believe identifying non-canonical EZH2

targets for combination therapeutic strategies would improve efficacy. From our analyses, we can derive

non-canonical EZH2 targets for in vitro and in vivo validation considering not only EZH2 and NF-kB

themselves, but also co-activated genes such as CYR61/CCN1. In vivo assessment of whether targeting

both canonical and non-canonical EZH2 is more efficacious over targeting either individually would be crit-

ical to determine clinical value.

The data reported here support and expand upon prior reports of non-canonical EZH2 activation of NF-kB

in TNBC cells; we provide a genomic profile and define target genes of EZH2 andNF-kB, link an EZH2 struc-

tural domain with NF-kB functional cooperation, and demonstrate both the impact of this pathway on

oncogenic phenotypes and enrichment in TNBC/BLBC patient samples.

Limitations of the study

While our presented findings support PRC2-independent EZH2 co-activation of a subset of NF-kB target

genes contributing to malignant phenotypes of TNBC cells, there are a few limitations to the study.

While we suggest non-canonical EZH2 gene activation may present challenges to clinical applications
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of EZH2 inhibitors as monotherapy, as indidvidual inhibitors have exhibited disappointing clinical

results, this is ultimately speculation based on our proposed model. Catalytic EZH2 activity is

demonstrably important for malignant phenotypes, but directly evaluating the individual contributions

of non-canonical EZH2 is technically difficult given the lack of molecules that specifically target non-ca-

nonical activities, and as non-canonical activities vary in a context-dependent manner. Thus, as in our

study, differences between total EZH2 targeting and canonical-only EZH2 targeting are considered

to infer the importance of non-canonical EZH2. Additionally, while we observe changes in malignant

phenotypes in vitro to demonstrate the importance of the EZH2 TAD and canonical vs. total EZH2, we

do not evaluate these contributions in vivo. Based on previously published reports with MS177, we

expect treatment with MS177 would result in reduced xenograft growth, or similar results in related

in vivo applications. Similarly, we expect mutant TAD EZH2 (i.e. canonical-only) may be less malignant

than WT EZH2 when assessed in vivo, but these applications are time-consuming and costly to under-

take, and ultimately do not isolate non-canonical EZH2 or EZH2-NF-kB co-activation for evaluation in

TNBC malignancy.
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16. Bhat, K.P., Ümit Kaniskan, H., Jin, J., and
Gozani, O. (2021). Epigenetics and beyond:
targeting writers of protein lysine
methylation to treat disease. Nat. Rev. Drug
Discov. 20, 265–286. https://doi.org/10.
1038/s41573-020-00108-x.

17. McCabe, M.T., Ott, H.M., Ganji, G.,
Korenchuk, S., Thompson, C., van Aller,
G.S., Liu, Y., Graves, A.P., Della Pietra, A.,
3rd, Diaz, E., et al. (2012). EZH2 inhibition as
a therapeutic strategy for lymphoma with
EZH2-activating mutations. Nature 492,
108–112. https://doi.org/10.1038/
nature11606.

18. Yang, X., Li, F., Konze, K.D., Meslamani, J.,
Ma, A., Brown, P.J., Zhou, M.M.,
Arrowsmith, C.H., Kaniskan, H.Ü., Vedadi,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Rabbit IgG HRP Conjugate Promega Cat# W4011; RRID:AB_430833

Anti-Mouse IgG HRP Conjugate Promega Cat# W4021; RRID:AB_430834

Donkey anti-sheep IgG HRP LifeTech/Novex Cat # A16041; RRID: AB_2534715

Clean-Blot IP Detection Reagent (HRP) Thermo Fisher Scientific Cat# 21230; RRID:AB_2864363

Beta-Actin Mouse mAb Cell Signaling Technology Cat# 3700; RRID: AB_2242334

GAPDH Rabbit mAb Cell Signaling Technology Cat# 5174; RRID: AB_ 10622025

EZH2 Rabbit mAb Cell Signaling Technology Cat# 5246; RRID: AB_10694683

RelA Rabbit mAb Cell Signaling Technology Cat# 8242; RRID:AB_10859369

RelB Rabbit mAb Cell Signaling Technology Cat# 4922; RRID:AB_2179173

NFKB2 p100/p52 Rabbit polyclonal Cell Signaling Technology Cat# 4882; RRID:AB_10695537

DAB2IP Rabbit polyclonal Abcam Cat# ab87811; RRID:AB_2041032

H3K27me3 Rabbit polyclonal EMD Millipore Cat# 07-449; RRID:AB_310624

H3K4me3 Rabbit mAb Cell Signaling Technology Cat# 9751; RRID:AB_2616028

HA Mouse mAb Covance Cat# MMS-101P; RRID:AB_2314672

SUZ12 Rabbit mAb Cell Signaling Technology Cat# 3737; RRID: AB_2196850

EED Sheep polyclonal R&D Systems Cat# AF5827; RRID: AB_2246350

Rabbit IgG Isotype Control Cell Signaling Technology Cat# 3900; RRID:AB_1550038

Bacterial and virus strains

MAX Efficiency DH5alpha E. coli Thermo Fisher Scientific Cat# 18258012

One Shot Stbl3 E. coli Thermo Fisher Scientific Cat# C737303

Chemicals, peptides, and recombinant proteins

TRIzol Thermo Fisher Scientific Cat# 15596026

DharmaFECT I Transfection Reagent Dharmacon Cat# T-2001-03

FuGene HD Transfection Reagent Promega Cat# E2311

Disuccinimidyl glutarate (DSG) Thermo Fisher Scientific Cat# A35392

16% Methanol Free Formaldehyde Thermo Fisher Scientific Cat# 28908

Protein G Dynabeads Thermo Fisher Scientific Cat# 10004D

Anti-HA conjugated magnetic beads Thermo Fisher Scientific Cat# 88836

Doxycycline hyclate Sigma Aldrich Cat# D9891

RNase A Sigma Aldrich Cat# 10109142001

Proteinase K Sigma Aldrich Cat# P2308

GSK126 Cayman Chemical Company Cat# 15415

Tazemetostat Selleck Chemicals Cat# S7128

C24 Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

UNC7043 Laboratory of Dr. Lindsey James

(UNC Chapel Hill)22
N/A

UNC6852 Laboratory of Dr. Lindsey James

(UNC Chapel Hill)22
N/A

MS177 Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GST-EZH2-135-200 Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

GST-EZH2-135-200-A/A Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

GST-EZH2-135-200-A/K Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

GST-EZH2-135-200-K/A Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

GST-EZH2-135-200-K/K Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

Recombinant RelA Laboratory of Dr. Greg Wang

(UNC Chapel Hill)

N/A

Recombinant RelB Laboratory of Dr. Greg Wang

(UNC Chapel Hill)

N/A

Critical commercial assays

Bradford Protein Assay Reagent BioRad Cat# 500-006

Clarity Western ECL Substrate BioRad Cat# 1705060

iScript cDNA Synthesis Kit BioRad Cat# 1708890

iTaq Universal Probes Supermix BioRad Cat# 1725131

Maxima SYBR Green/ROX qPCR

Master Mix (2X)

Thermo Fisher Scientific Cat# K0221

QIAquick PCR Purification Kit QIAGEN Cat# 28104

RNeasy Kit QIAGEN Cat# 74104

Dual-Glo Luciferase Assay System Promega Cat# E2920

QIAprep Spin Miniprep kit QIAGEN Cat# 27104

NEBNext Ultra II DNA Library Prep Kit NEB Cat# 7103

Deposited data

Uncropped migration and sphere image data Mendeley https://data.mendeley.com/drafts/

hggpsm9vnv

ChIP-seq analysis of SUM149 and

MDA-MB-231 cells

This manuscript GSE223959

RNA-seq analysis of SUM149 and

MDA-MB-231 cells (siCtrl and siEZH2)

This manuscript GSE223959

RNA-seq analysis of MDA-MB-231 cells

(siCtrl, siRelA, and siRelB)

This manuscript GSE223959

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-11268; RRID:CVCL_0063

MDA-MB-231 ATCC Cat# HTB-26; RRID:CVCL_0062

MDA-MB-231 TetOn-shEV This manuscript N/A

MDA-MB-231 TetOn-shEZH2 This manuscript N/A

SUM149 Laboratory of Dr. Charles Perou

(UNC Chapel Hill)

RRID:CVCL_3422

Oligonucleotides

ChIP-qPCR primer oligonucleotides IDT See Table S6, related to STAR Methods

qPCR Taqman primer-probe sets Thermo Fisher Scientific See Table S6, related to STAR Methods

siCtrl (siGENOME Non-Targeting Control

siRNA #5)

Horizon Discovery (Dharmacon) Cat# D-001210-05

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

siEZH2 (siGENOME siRNA – SMARTpool) Horizon Discovery (Dharmacon) Cat# M-004218-03

siRelA (siGENOME siRNA – SMARTpool) Horizon Discovery (Dharmacon) Cat# M-003533-02

siRelB (siGENOME siRNA – SMARTpool) Horizon Discovery (Dharmacon) Cat# M-004767-02

siSUZ12 (siGENOME siRNA – SMARTpool) Horizon Discovery (Dharmacon) Cat# M-006957-00

siEED (siGENOME siRNA – SMARTpool) Horizon Discovery (Dharmacon) Cat# M-017581-01

Recombinant DNA

psPAX2 Addgene Cat# 12260; RRID:Addgene_12260

pMD2.5G Addgene Cat# 12259; RRID:Addgene_12259

p1242 3x-KB-L Laboratory of Dr. Albert Baldwin

(UNC Chapel Hill)79
Cat #26699; RRID:Addgene_26699

pRP[Pro]-hRluc-{RELB_1.7kb} This manuscript VectorBuilder ID VB220112-1274kts

pRL-TK-Renilla Promega Cat# E2231

Lenti-pCDH-TetOn-shEV Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

Lenti-pCDH-TetOn-shEZH2 Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

pCDH-HA-EZH2 Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

pCDH-HA-EZH2-TAD_A Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

pCDH-HA-EZH2-TAD_K Laboratory of Dr. Greg Wang

(UNC Chapel Hill)31
N/A

pcDNA3-FLAG-EV Laboratory of Dr. Wenyi Wei

(Harvard University)

N/A

pcDNA3-FLAG-EZH2 Laboratory of Dr. Wenyi Wei

(Harvard University)

N/A

pcDNA3-FLAG-RelA Laboratory of Dr. Albert Baldwin

(UNC Chapel Hill)

N/A

Software and Algorithms

cutadapt Martin96 https://github.com/marcelm/cutadapt

STAR v2.5.2b Dobin et al.97 https://github.com/alexdobin/STAR

MACS2 Zhang et al.98 https://github.com/macs3-project/MACS

HOMER Heinz et al.64 http://homer.ucsd.edu/homer/

salmon Patro et al.100 https://github.com/COMBINE-lab/salmon

DESeq2 Love et al.101 https://github.com/mikelove/DESeq2

Hisat v2.0.5 Kim et al.102 https://github.com/DaehwanKimLab/hisat2

featureCounts v1.5.0-p3 Liao et al.103 https://www.rdocumentation.org/packages/

Rsubread/versions/1.22.2/topics/

featureCounts

FASTX-Toolkit Hannon Lab, CSHL http://hannonlab.cshl.edu/fastx_toolkit/

index.html

BEDTools Quinlan and Hall99 https://github.com/arq5x/bedtools2

MSigDB (v2022.1.Hs updated 8/2022);

HALLMARK and GOBP gene sets

Subramian et al.;

Liberzon et al.; Ashburner

et al.; Carbon et al.104–106,108

https://www.gsea-msigdb.org/gsea/msigdb/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Albert S Baldwin (abaldwin@med.unc.edu).

Materials availability

All plasmids generated in this study are available on request.

Data and code availability

d Raw and processed ChIP-seq and RNA-seq data have been deposited to GEO under accession

GSE223959 and are publicly available as of the date of publication. Uncropped microscopy images

have been deposited as a Mendeley Dataset. All data reported in this paper will be shared by the

lead contact upon request. This paper analyzes existing, publicly available data. All accession numbers

and links are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

HEK293T (Homo sapiens, female, RRID: CVCL_0063), MDA-MB-231 (Homo sapiens, female, RRID:

CVCL_0062), and MDA-MB-231-derived stably expressing cell lines (TetOn-shEV and TetOn-shEZH2)

were grown in DMEM basal media supplemented with 10% FBS (Gibco) at 37�C and 5% CO2. SUM149

(Homo sapiens, female, RRID: CVCL_3422) cells were grown in HuMEC basal media supplemented with

5% FBS, and HuMEC supplement kit (Gibco) at 37�C and 5% CO2. Independent STR profiling and

mycoplasma contamination screening to authenticate cells was performed by Genetica DNA Laboratories

(Burlington, NC) prior to use in experiments.

METHOD DETAILS

Transfection and generation of cell lines

HEK293T, SUM149, or MDA-MB-231 cells were seeded and allowed to adhere in 10cm dishes for

passaging. Transfection was performed with Dharmafect I (Dharmacon) for siRNA (20nM, see key resources

table) or FuGene HD (Promega) for plasmids (0.75 mg/mL, see key resources table) prepared in OptiMEM

(Gibco). Cells were harvested 48 hours after transfection unless otherwise indicated. Lentivirus was

prepared using the psPAX2 and pMD2.5G packaging system co-transfected for 48 hours in HEK293T cells.

Supernatant containing virus was passed through 0.45mM filters (Pall Corporation), and applied to target

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PANTHER (Released 221013); GO-Slim BP

gene set (v17.0 Released 220222)

Mi et al.;

Ashburner et al.;

Carbon et al.105–107

http://pantherdb.org

MRI Wound Healing Tool plugin for ImageJ Jonkman et al.109 https://github.com/

MontpellierRessourcesImagerie/

imagej_macros_and_scripts/wiki/Wound-

Healing-Tool

cBioPortal (TCGA, METABRIC) Gao et al., Cerami et al.84,85 https://www.cbioportal.org

Other

Ultra-low attachment 6-well plates Corning Cat# 3471

ChIP-seq data (H3K27me3, H3K4me3, input) Messier et al.59 GSE77772

ChIP-seq and ATAC-seq data (ATAC,

H3K4me1, H3K27ac, input)

Takaku et al., Tanaka et al.60,61 GSE72141
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cells with 8ug/mL polybrene (EMDMillipore). Stable cell lines were further selected using 1ug/mL puromy-

cin (Thermo Fisher Scientific) or Geneticin (Gibco) for 7 days before validation.

Reverse transcription quantitative PCR

RNA was isolated from cells using phenol-chloroform (5:1) extraction with TRIzol Reagent (Invitrogen) fol-

lowed by precipitatation with 2 volumes isopropanol, wash with 4 volumes 70% ethanol, and resuspension

in 20uL nuclease-free water (Corning). RT performed with 1ug total RNA using iScript cDNA Synthesis Kit

(BioRad) according to manufacturer’s instructions. qPCR was performed using iTaq universal primers

(BioRad) and TaqMan primer-probe sets (Thermo Fisher Scientific, see Table S6), and quantified using

the delta-delta Ct method against housekeeping gene GUSB.

Immunoblotting and signal quantification

Cells were harvested in lysis buffer (1% Triton X-100, 150mM NaCl, 20mM Tris pH 8, 1mM EDTA, 1mM

EGTA, 0.1% SDS, 1mM beta-glycerol-phosphate, 1mM Na-pyrophosphate) with fresh protease and phos-

phatase inhibitors on ice for 10 min before pelleting debris for 10 min at 13,000 rpm. Lysate concentration

was measured using Bradford assay (BioRad) against a standard of bovine serum albumin (BSA), and sam-

ples were prepared with 4X SDS buffer (BioRad) and 10X dithiothreitol (DTT, Thermo Fisher Scientific) and

boiled at 95�C for 5min. Equal amounts of protein were separated by SDS-PAGE on 4-15% gradient

Mini-Protean-TGX (BioRad), transferred to nitrocellulose membranes (Pall 66485) followed by appropriate

overnight primary and 1h secondary antibody incubations (see key resources table). Following Clarity

Western enhanced chemiluminescence (ECL) detection (BioRad), blots were imaged using ChemiDoc plat-

form (BioRad). Densitometry was quantified using ImageJ and normalized to beta-Actin or GAPDH loading

controls.

Chromatin immunoprecipitation (ChIP) qPCR

ChIP was performed with an adapted disuccinimidyl glutarate (DSG) and formaldehyde chromatin cross-

linking protocol (Wang 2022, Tian 2012, Singh 2019). 2-5x106 cells were collected in PBS, fixed with 2mM

DSG reagent (Thermo Fisher Scientific) for 45min rotating at room temperature, washed, fixed with 1%

formaldehyde (Thermo Fisher Scientific) for 10 min rotating at room temperature, and quenched with

125mM glycine rotating for 5 min at room temperature. Fixed cells were lysed in Buffer 1 (50mM HEPES-

KOH, 140mMNaCl, 1mM EDTA pH 8, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, freshly supplemented

protease and phosphatase inhibitors) by rotation for 10 min at 4�C, pelleted for 5 min at 3000 rpm at 4�C,
lysed in Buffer 2 (10mM Tris-HCl pH8, 200mM NaCl, 1mM EDTA pH8, 0.5mM EGTA, freshly supplemented

protease and phosphatase inhibitors) by rotation for 10 min at 4�C, pelleted for 5 min at 3000 rpm at 4�C,
and resuspended in Buffer 3 (10mM Tris-HCl pH8, 100mM NaCl, 1mM EDTA pH8, 0.5mM EGTA, 0.1%

NaDOC, 0.5% N-laurylsarcosine, freshly supplemented protease and phosphatase inhibitors) for sonicat-

ion. Cells were sonicated on High for 30min with 30sec on/off in a water bath sonicator maintained at

4�C (Diagenode). 10% Triton X-100 was added to sonicated lysates and spun at 11,000rpm for 10 min at

4�C to pellet debris; 5% input and the appropriate number of aliquots were taken from sonicated lysate.

Following overnight antibody incubation and incubation with BSA-blocked Dynabeads (beads washed in

RIPA buffer were incubated with 0.1ug/uL BSA for 30min followed by RIPA wash) for 1h at room tempera-

ture, beads were sequentially washed in low salt (20mM Tris-HCl pH8, 150mM NaCl, 2mM EDTA pH8, 1%

Triton X-100, 0.1% SDS), high salt (20mM Tris-HCl pH8, 500mM NaCl, 2mM EDTA pH8, 1% Triton X-100,

0.1% SDS), and LiCl (250mM LiCl, 10mM Tris-HCl pH8, 1mM EDTA pH8, 1% NP-40, 1% NaDOC) buffers.

DNA was eluted with Elution buffer (1% SDS, 100mM NaHCO3) and agitation for 15 min at 42�C. ChIP
and input DNA was reverse crosslinked with RNaseA (0.2 mg/mL) and NaCl (20mM) for 2h at 65�C and Pro-

teinase K (0.4 mg/mL) for 1h at 50�C before processing using Qiagen PCR Clean Up Kit per kit protocol.

qPCR was performed using Maxima SYBR Green (Thermo Fisher Scientific); percent input of ChIP DNA

was calculated from minimum 3-point dilution curve of 5% input DNA in qPCR. Primer sequences can be

found in Table S6.

ChIP-seq

ChIP DNA was generated as for qPCR. ChIP-seq libraries (Illumina) were prepared according to manufac-

turer’s recommendations and sequenced at the UNC High Throughput Genomic Sequencing facility using

single-end 50bp reads. We then used cutadapt to filter for adaptor contamination and subsequently

filtered reads using FASTX-Toolkit such that at least 90% of bases of each read had a quality score
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exceeding 20.96 Duplicated sequences were then capped at a maximum of 5 occurrences, and reads were

aligned to the reference human genome (hg19) using STAR version 2.5.2b retaining only primary align-

ments.97 Reads aligning to excluded regions as defined by ENCODE were then removed. Reads were

then extended in silico to a fragment size of 250 bp, and regions of significant enrichment relative to input

control were identified using MACS2.64,98 Bound genes were defined as any ChIP-seq peak call that over-

lapped a gene body +/-5kb; bound promoters were defined as any ChIP-seq peak call that overlapped a

transcription start site (TSS) +/- 5kb. The longest-annotated isoform was used to obtain unique instances in

the case of multiple gene isoforms. Motifs were identified by comparing the 200 bp surrounding the peak

midpoint to the 200 bp flanking sequence on either side of each identified peak using HOMER.64 Histone

modification ChIP-seq and ATAC-seq data were obtained from GSE77772 and GSE72141 and were re-pro-

cessed exactly as described above, except ATAC-seq reads were shifted 5bp to account for the Tn5 inser-

tion, and H3K27me3 peak domains were define dby merging two or more ‘‘broad’’ peaks within 10kb of

each other using BEDTools.99

RNA-seq

RNAwas extracted from SUM149 andMDA-MB-231 cells using RNeasy kit with on-columnDNase digestion

(QIAGEN). Samples treated with control or EZH2 siRNA (related to Figure 2) were sequenced at the UNC

High Throughput Genomic Sequencing facility as single-end 50 bp reads. We then used cutadapt to filter

for adapter contamination and subsequently filtered reads using FASTX-Toolkit such that at least 90% of

bases of each read had a quality score exceeding 20.96 Reads were aligned to the reference human genome

(hg19) using STAR version 2.5.2b retaining only primary alignments.97 Reads aligning to excluded regions

as defined by ENCODE were then removed. Transcript abundance was then estimated using salmon, and

differential expression was detected using DESeq2.100,101

Samples treated with control, RelA, or RelB siRNA (related to Figure 3) were sequenced and analyzed by

Novogene (Beijing, China) as paired end 150bp reads. Reads were filtered for adaptor contamination

and high quality using Novogene in-house perl scripts. Reads were aligned to the reference genome

(hg19) using Hisat2 v2.0.5.102 Transcript abundance was counted using featureCounts v1.5.0-p3 and differ-

ential expression detected using DESeq2.101,103

Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA) was performed using either PANTHER Overrepresentation Test tool

with Gene Ontology (GO)-Slim Biological Process gene set or the Molecular Signatures Database

(MSigDB) tool with HALLMARK and/or Gene Ontology: Biological Process gene sets as indicated in figure

legends.104–108 Results from all tests were considered significant with a False Discovery Rate (PANTHER:

Fisher’s Exact test; MSigDB: Benjamini and Hochberg correction) of q<0.05, and enrichment values are pre-

sented as -log10(q).

Luciferase reporter assay

HEK293T cells seeded in white-walled 96-well plates (Corning) were transfected with: 25ng p1242 3x-KB-L

(Baldwin 1991) and 25ng pRL-TK Renilla (Promega), or 50ng pRP-hRluc-RELB_1.7kb dual reporter construct

containing 1.7kb of the RELB promoter sequence (Bren 2001, VectorBuilder); for co-transfections with RelA

or EZH2, 50ng of pcDNA-FLAG-RelA, pCDH-HA-WT-EZH2 or pCDH-HA-TAD_A-EZH2 or pCDH-HA-TAD_

K-EZH2 were used. After 48 hours luminescence was measured using Dual Luciferase Reporter Assay

(Promega) according to manufacturer instructions and luciferase signal was normalized to Renilla control.

Plasmid details can be found in key resources table.

Immunoprecipitation and HA-IP

Cells were lysed in IP buffer (0.1% NP-40, 50mM Hepes-NaOH ph8, 150mM NaCl) with fresh protease and

phosphatase inhibitors on ice for 10 min before pelleting debris for 10 min at 13,000 rpm at 4�C. Lysate con-

centration was determined using Bradford Assay against BSA standards. 5% input, mock IP, and target anti-

body IP aliquots were taken from equal concentrations of lysate. For immunoprecipitation, antibody was

incubated for 3 hours before addition of Protein G magnetic beads for 1 hour. For HA-IP, HA-conjugated

magnetic beads (Thermo Fisher Scientific) were incubated in lysates for 3 hours. Protein G or HA beads

were washed 3x in IP buffer, and protein was eluted by boiling in 2X SDS buffer (BioRad) before addition

of 10X DTT and separation by SDS-PAGE, transfer to nitrocellulose membranes, and immunoblotting with
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appropriate primary (overnight) and secondary (1h) antibodies. CleanBlot detection reagent (Thermo

Fisher Scientific) was used in place of secondary antibody for blots of proteins with predicted molecular

weight 50-75kDa (RelA and RelB) to avoid interference of immunoglobulin heavy chain signal. Clarity West-

ern ECL reagents and ChemiDoc were used to detect and image blots.

GST fusion recombinant protein pulldown

GST pulldown was conducted with HEK293T cell lysate and 1 mg of GST fusion and other recombinant pro-

tein. Cells were lysed in EBC buffer (120mM NaCl, 0.5% NP-40, 5ug/mL leupeptin, 10ug/mL aprotinin;

50ug/mL PMSF, 0.2mM sodium orthovanadate, 100mM NaF, 50mM Tris-Cl pH8) with fresh protease and

phosphatase inhibitors on ice for 10 min before pelleting debris for 10 min at 13,000 rpm, and lysate

used for GST pulldown.31

Migration assay

MDA-MB-231 TetOn-shEV or TetOn-shEZH2 cells were treated with 2ug/mL doxycycline for 48 hours

before seeding in 6-well plates, followed by transient transfection with EV or WT or mutant TAD EZH2

expression vectors. After 36 hours, wells were rinsed and cells serum starved 12h in Opti-MEM medium.

Wells were then scraped in a ‘plus’ shape using a 1000uL pipette tip to create a wound, rinsed with PBS

to remove debris, replenished with serum-free media, and imaged once per arm of the ‘plus’ for a total

of 4 data points per well (‘‘0h’’). Following 24h of migration, wells were imaged again in the same manner

and positions (‘‘24h’’). Wound closure was measured and quantified using ImageJ plugin MRI Wound Heal-

ing Tool according to author instructions.109

Tumorsphere assay

For stable cell lines: MDA-MB-231 TetOn shEZH2 cells, or TetOn shEZH2 cells additionally stably express-

ing WT or mutant TAD EZH2 were treated with or without 2ug/mL doxycycline for 72h on adherent 10cm

dishes before detaching and seeding at 2x104 cells/well in ultra-low adherence 6-well plates (Corning) in

basal Mammocult media (STEMCELL Technologies). For siRNA or PROTAC treatment: MDA-MB-231 cells

were treated with respective compounds (20nM siRNA; 6.25mMUNC7043/UNC6852; 2.5uMMS177) for 48h

on adherent 10cm dishes before detaching and seeding at 2x104 cells/well in ultra-low adherence 6-well

plates in basal Mammocult media. After 24h, 96h, and 168h, spheres were imaged (‘‘D1’’, ‘‘D4’’, ‘‘D7’’).

On D7, spheres were collected, counted, and approximate number calculated as per STEMCELL Technol-

ogies protocol for counting spheres.

Soft agar colony formation assay

24x103 cells/mL were seeded in DMEM supplemented with 0.4% agarose onto 1% agarose-coated wells.

0.5mL of fresh media with compound was added every four days for 3-4 weeks. At the endpoint, cell culture

plates were stained overnight with 100ug/mL iodonitrotetrazolium chloride (Sigma) before counting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphpad Prism (v9) was used for statistical analysis. For comparisons between two sets of data with

assumed normal distribution, unpaired two-tailed Student’s t-test was performed. p<0.05 was considered

statistically significant, and p values are denoted as: *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

Data are presented as the mean +/- standard distribution from three biologically independent experi-

ments. All data from representative experiments, such as images and blots, and sequencing experiments

were repeated at least two independent times.
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