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Abstract

Histone methyl transferase EZH2 (Enhancer of Zeste Homolog 2) is generally associated with
H3K27 methylation and gene silencing, as a member of the polycomb repressor 2 (PRC2)
complex. Immunoprecipitation and mass spectrometry of the EZH2—protein interactome in
estrogen receptor positive, breast cancer-derived MCF7 cells revealed EZH2 interactions with
subunits of chromatin remodeler SWI/SNF complex and TRIM28, which formed a complex with
EZH2 distinct from PRC2. Unexpectedly, transcriptome profiling showed that EZH2 primarily
activates, rather than represses, transcription in MCF7 cells and with TRIM28 co-regulates a set of
genes associated with stem cell maintenance and poor survival of breast cancer patients. TRIM28
depletion repressed EZH2 recruitment to chromatin and expression of this gene set, in parallel
with decreased CD44M/CD24!° mammosphere formation. Mammosphere formation, inhibited by
EZH2 depletion, was rescued by ectopic expression of EZH2 but not by TRIM28 expression or by
EZH2 mutated at the region (pre-SET domain) of TRIM28 interaction. These results support
PRC2-independent functions of EZH2 and TRIM28 in activation of gene expression that promotes
mammary stem cell enrichment and maintenance.
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INTRODUCTION

EZH2 (Enhancer of Zeste Homolog 2), the major, cellular H3K27 tri-methyltransferase,
catalyzes addition of methyl groups at lysine 27 of histone H3 (H3K27me3).1 EZH2 is
primarily characterized in repression of transcription, as a subunit of the canonical polycomb
repressor 2 (PRC2) complex, along with EED, SUZ12 and RBBP4.1 The mammalian PRC2
complex does not bind genomic DNA directly in a sequence-specific manner; however,
multiple DNA-binding proteins, including JARID2,23 AEBP24 and ATRX,® are implicated
in recruitment of the PRC2 complex to a variety of target gene loci to silence gene
expression. Previous studies, using MCF7 and other breast cancer-derived cells, showed that
the PRC2 complex has oncogenic roles that center on aberrant silencing of genes that
normally activate apoptosis and, when associated with histone H2A ubiquitin ligase
TRIM37, tumor suppressor genes.5-8

EZH2 is overexpressed in multiple cancers, such as prostate, melanoma, lymphoma,
endometrial and breast, and ectopic expression of EZH2 promotes neoplastic transformation
of immortalized human breast epithelial cells.%-1% Small molecule EZH2 inhibitors that
target its catalytic SET domain are now in clinical trials. However, recent evidence suggests
that the catalytic activity of EZH2 may not be sufficient to account for all functions of EZH2
in cancer, which may prove to be non-responsive to SET-domain inhibitors.1! In contrast to
its well-studied role in repression of transcription, EZH2 also acts as a transcriptional co-
activator of estrogen- and WNT-regulated proliferation pathways.12 EZH2 overexpression
promotes expansion of a sub-population of malignant cells, known as breast cancer initiating
cells or breast cancer stem cells, by activating RAF1-B-catenin signaling®® or, as shown
elsewhere, by activating NOTCH signaling in an H3K27me3-independent manner.14 In
addition, mammary gland-specific overexpression of EZH2 in transgenic mice induces
hyperplasia of mammary epithelium but is not sufficient for tumor initiation and
progression.15 Taken together, these studies suggest that EZH2 relies on multiple
mechanisms to intersect with aberrant signaling pathways that have a role in tumorigenesis.

TRIM28/KAP1 is well studied as a co-repressor of transcription, acting in multiple
pathways.16-18 |_ike EZH2, TRIM28 does not bind to DNA in a sequence-specific manner;
it is generally recruited to DNA via sequence-specific binding proteins that have KAP1
repressor -associated binding domains.1® TRIM28 expression was previously shown to
promote breast cancer proliferation and metastatic progression, although the mechanisms
were not delineated.20 Interestingly, RNA interference screens revealed that TRIM28 is
required for maintenance of mouse embryonic stem cell pluripotency and self-renewal, 2!
which may involve TRIM28 interactions with OCT-4 and subunits of the SWI/SNF2
chromatin remodeling complex, such as Smarcadl, Brg-1 and BAF155, to induce embryonic
stem cell-specific genes.22 In the studies described here, we show that TRIM28 interacts
with SWI/SNF and EZH2, in a PRC2-independent manner, to coordinately regulate genes
with roles in breast stem cell maintenance. A broader understanding of EZH2-mediated
regulation and intersection with epigenetic regulators in cancers and stem cells is needed to
effectively target therapy-resistant cancers and address the challenges of tumor
heterogeneity.
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TRIM28 interacts with EZH2 in a PRC2-independent complex

EZH2 is associated with neoplastic transformation of breast epithelial cells;10 however, the
regulatory mechanisms involved in EZH2-mediated transformation are not well understood.
We used MCF7 cells, as a model of human estrogen receptor (ER) positive, luminal-type
breast cancers that comprise a majority of all breast cancers,23:24 and determined interacting
protein partners of EZH2. Immunoprecipitation of endogenous EZH2, followed by liquid
chromatography-tandem mass spectrometry/mass spectrometry analysis, identified known
members of EZH2 complexes, such as SUZ12, EED, PHF1, AEBP2 and DNMT1,2 as well
as multiple proteins not previously associated with PRC2 (Supplementary Figure S1A).
EZH2 co-purified with proteins, which have four or more peptides identified by liquid
chromatography-tandem mass spectrometry/mass spectrometry, of known functions in
binding, remodeling and/or modification of chromatin structure, for example, BRG1,
SMARCC2, SMARCAS5, ARID1A, p300, CHD4 and TRIM28. As EZH2 is primarily
associated with repression of transcription, we assessed its potential functions as a partner of
TRIM28 co-repressor protein.18 We validated interaction between EZH2 and TRIM28 by
co-immunoprecipitation of exogenously expressed Flag-EZH2 and HA-TRIM28 (Figures 1a
and b), as well as endogenous EZH2 in HEK293T cells (Supplementary Figure 1B).
Endogenous TRIM28 in MCF7 cells likewise interacts with endogenous EZH2, as well as
TRIM33, previously reported as interacting with TRIM282° (Figure 1c). Interestingly,
although EZH2 associated with TRIM28, there was minimal interaction with PRC2 complex
member RBBP4 (Figure 1c). Antibody enrichment of endogenous EZH2 also co-
precipitated TRIM28, as well as previously reported PRC2 complex members SUZ12 and
RBBP4 (Figure 1d). To assess protein complex composition, we performed gel filtration
chromatography and found two distinct complexes of TRIM28 and RBBP4/EED, which co-
fractionated with EZH2 (Figure 1e). Although EED and RBBP4 are canonical PRC2
complex members, previously shown as essential for EZH2-mediated H3K27
methylation,26-28 the majority of EZH2 in MCF7 cells co-fractionated with TRIM28 in a
higher molecular weight complex (Figure 1e).

We determined that the interaction between EZH2 and TRIM28 was direct by pull-down
assays with bacterially expressed, recombinant proteins MBP-EZH2 and GST-TRIM28
(Supplementary Figure 1C). Further, we delineated the domains of interaction between
EZH2 and TRIM28 by mutation and expression of Flag-EZH2 and HA-TRIM28 constructs.
A series of TRIM28 site-specific RING mutation (C65A, C68A) and deletion mutants,
which removed the RING, RBCC, CC, B-BOX, PHD/Bromo domains or the linker region
(Figure 1f), were co-expressed with Flag-EZH2 in HEK293T cells for affinity precipitation
and analysis (Figure 1g and Supplementary Figure 1C). Removal of the multi-domain
RBCC fragment led to loss of EZH2-TRIM28 interaction, whereas separation of the B-
boxes and Coiled-Coil domains decreased binding of EZH2 and TRIM28, showing that
multiple interactions with EZH2 likely occur across the RBCC domains (Figure 1g).
Similarly, EZH2 was serially fragmented as EZH2 A, B, C, D clones from amino- to
carboxy-termini (Figure 1h). Expression and co-immunoprecipitation of these mutated
forms of EZH2 with full-length TRIM28 indicate that the SET domain of EZH2 is
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insufficient for TRIM28 interactions (Figure 1i). These results, combined with assays of
GST-EZH2 and interaction with endogenous TRIM28 (Supplementary Figure 1D), narrowed
binding to the carboxyl-terminal amino acids of 385-618 that encompass the pre-SET
domain. To investigate EZH2 and TRIM28 co-association across the whole genome, we
performed TRIM28 chromatin immunoprecipitation (ChlP)-Seq in MCF7 cells. Intersection
of this genome-wide binding profile of TRIM28 in MCF7 cells with a publically available
EZH2 ChlP-seq data set of cultured human mammary epithelial cells (see Materials and
Methods)?® showed that ~ 51% of all TRIM28-binding sites and 10% of EZH2 sites overlap
(Figure 1j) (Supplementary Figure 1E and Supplementary Table S1). BED-TOOLS
(v2.25.0) analysis showed that a majority of TRIM28/EZH2-binding sites overlap across a 1
kb region (Supplementary Figure 1F). Taken together, these results suggest that distinct
complexes of EZH2 associate with chromatin, some of which encompass a substantial
proportion of TRIM28 chromatin enrichment across the genome.

EZH2 and TRIM28 co-regulate genes associated with differentiation and morphogenesis

To understand the impact of EZH2 and TRIM28 on gene expression in ER-positive, breast
cancer cells, we profiled EZH2-and TRIMZ28-dependent transcriptomes in MCF7 cells. We
generated stable EZH2-depleted MCF7 cells using short-hairpin RNAs and confirmed
knockdown by assessing mRNA and protein levels of EZH2 (clonal line #4 of
Supplementary Figure 2A). Genome-wide expression profiling (RNA-sequencing; twofold
cutoff, false discovery rate<0.01) showed that EZH2 activates considerably more genes
(1063 genes, repressed in shEZH2) than it represses (202 genes, activated in shEZHZ) in
MCF7 cells (Figure 2a). Functional annotation analyses (gene ontology or GO functions)
revealed that EZH2 activates differentiation and morphogenesis-related genes
(Supplementary Figure 2C and Supplementary Tables S2 and S3), which are associated by
KEGG pathway analysis with ligand—receptor interaction molecules and pathways in cancer
(Supplementary Figure 2G). The top biological processes (GO functions) of genes repressed
by EZH2 are collectively associated with the unfolded protein response (Supplementary
Figure 2D and Supplementary Table S3).

In parallel, we generated stable TRIM28-depleted MCF7 cells using multiple short-hairpin
RNAs (Supplementary Figure 2B). Global expression profiling of stable sh 7R/M28 MCF7
cells (TRIM28 shRNA#1) showed that TRIM28 depletion led to increased expression of 496
genes and decreased expression of 713 genes (Figure 2b). The GO functions of genes
activated by TRIM28 (repressed in sh 7R/MZ28) include cell projection organization,
morphogenesis and development (Supplementary Figures 2E and 2H; Supplementary Tables
S4 and S5), whereas those repressed by TRIM28 (upregulated in sh 7R/MZ28) are associated
with extracellular matrix organization, structure, secretion and adhesion (Supplementary
Figure 2F and Supplementary Tables S4 and S5).

To determine whether EZH2 and TRIM28 regulate a shared set of genes in MCF7 cells, we
intersected EZH2 and TRIM28 transcriptome data. This intersection revealed 134 genes that
are differentially expressed in both shEZH2and sh TRIM28 MCF7 cells (Figure 2c and
Supplementary Table S6). Forty EZH2-activated genes are repressed by TRIM28, and only
eight genes are co-repressed by both EZH2 and TRIM28 (Supplementary Table S6). Of the
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134 differentially EZH2/TRIM28 co-regulated genes, a subset of 77 is downregulated in
both sh 7RIMZ28 and shEZH2 MCF7 cells (Figure 2d and Supplementary Table S6).
Biological process analysis revealed that these 77 genes, activated by both TRIM28 and
EZH2, share GO functions of cell projection, morphogenesis and development that are
associated with stem cells and metastasis (Figure 2e and Supplementary Table S7).
Examination of breast cancer patient data, available for 65 of the 77 TRIM28/EZH2-
activated genes, show that altered expression of the 65 co-activated genes, 62 of which
exhibit gene amplification,39-32 is correlated with a poor probability of overall survival for
breast cancer patients with invasive carcinomas (Figure 2f).

TRIM28 binding occurred at ~ 21 272 sites, with 4.2% in promoter regions (transcription
start site + 3 kb), 2.1% in coding gene exons, 37% of binding sites in intron and 54.10% of
binding sites in intergenic space (including enhancers, unannotated IncRNA transcription
units) (Supplementary Figure 3A and Supplementary Table S8). To identify the directly
regulated, target genes of TRIM28 in breast cancer cells, we integrated TRIM28 ChIP-Seq
data (Supplementary Table S9) with our RNA-seq data and found 47 genes, within the
subset of 134 TRIM28/EZH? differentially expressed genes, had overlapping TRIM28/
EZH2-binding sites within 10 kb of the TSS. Sixteen of the TRIM28 target genes depend on
both TRIM28 and EZH2 for transcription activation (Figure 3a and Supplementary Table
S10) (Figure 3a). To validate that these genes are directly regulated by interaction of both
TRIM28 and EZH2 with chromatin, we performed ChIP-PCR to determine TRIM28 and
EZH2 chromatin enrichment and real-time RT-PCR of RNA isolated from sh 7TR/IM28,
shEZHZ2 and shControl MCF7 cells. These analyses revealed that 7 of the 16 genes are both
significantly activated and directly bound by both EZH2 and TRIM28 within 10 kb of each
gene’s transcription start site (Figures 3b—e; Supplementary Figures 3B and C). Importantly,
TRIM28 binding was essential for EZH2 association with chromatin at the regulatory
regions of these EZH2/TRIM28 co-activated genes, which were previously reported to be
associated with various aspects of cancer promotion, metastasis and stem cells (Figure 3e,
Supplementary Figure 21).

EZH2, SWI/SNF and TRIM28 regulate a CXCR4 signaling pathway

To further illuminate a mechanism for gene activation versus repression by an EZH2/
TRIM28 regulatory axis, we confirmed that multiple subunits of the SWI/SNF complex:
BRG1, SMARCC2, SMARCADS5, BAF180, ARID1A, interacted with EZH2 and TRIM28
(Figure 4a), as observed by mass spectrometry analysis of EZH2-bound proteins
(Supplementary Figure 1A). EZH2 likewise associated with TRIM28 and SWI/SNF
complex subunits in breast cancer-derived, ER-positive T47D cells, which like MCF7 are
considered Luminal A-like23:24 (Supplementary Figure 4). Gel filtration and size
fractionation of MCF7 extracts showed that SWI/SNF subunits co-elute with TRIM28 and
EZH?2 as a likely sub-complex of proteins associated with EZH2 (Figure 4b) and distinct
from PRC2 subunits RBBP4 and EED fractionation (Figure 1e). Interestingly, we saw that
EZH2 associated more with the ATPase BRG1, compared with the BRM ATPase, when
TRIM28 was depleted from MCF7 cells (sh TRIMZ28, Figure 4c). This enrichment of BRG1
was even more highly EZH2-specific in T47D cells, where EZH2/BRM interaction was
undetectable (Supplementary Figure 4). BRM- versus BRG1-containing SWI/SNF
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complexes have been implicated in tissue- and gene-specific functions, and multiple subunits
of SWI/SNF are mutated in human cancers.33 TRIM28-dependent enrichment of specific
SWI/SNF subunits with EZH2 was likewise supported by parallel depletion of TRIM28 and
ARID1A in MCF7 cells (Figure 4c). In T47D cells, ARID1A is undetectable in whole cell
lysates but is highly enriched by association and co-immunoprecipitation with EZH2
(Supplementary Figure 4). The interaction between ARID1A and EZH2 in breast cancer-
derived cells is noteworthy: ARID1A (SMARCF1, BAF250a), the most frequently mutated
SWI/SNF subunit in human cancers, is a major effector of SWI/SNF complex stability and
associated with cellular proliferation and DNA repair.34:35

SWI/SNF chromatin remodeling complexes function in positioning, sliding, exchanging or
evicting nucleosomes, which impact chromatin structure-dependent processes, including
transcription, replication and DNA repair essential for cellular homeostasis.33 We analyzed
histone H3 enrichment by ChIP-PCR as a gross assessment of chromatin state across the
sites of TRIM28/EZH2 interactions at their differentially regulated target genes in MCF7
cells (Figure 4d). TRIM28-dependent decreases in histone H3 occupancy ranged from minor
to substantial with higher H3 levels associated with chromatin at specific genes in response
to TRIM28 depletion, although all were statistically significant (Figure 4d). These findings
suggest that TRIM28/EZH2-mediated interactions with SWI/SNF complexes alter chromatin
structure of their shared, activated target genes.

KEGG analysis of the TRIM28/EZH?2 co-activated 77 genes showed that the cytokine—
cytokine receptor interaction pathway (CXCR4, CXCL12, EGFR, KIT) is the top pathway
represented among differentially TRIM28/EZH2-activated genes (Supplementary Table S6).
Each TRIM28/EZH2-regulated gene in this pathway, CXCR4,36:37 CXCL 123637 EGFRS8
and K/7,39 has been identified as a regulator of cancer stem cells. CXCR4 s a highly and
differentially regulated gene when either EZH2 or TRIM28 is depleted in MCF7 cells, as
shown in scatter plots of EZH2 and TRIM28 transcriptomes (Figure 4e) and by graphical
display of RNA expression (RNA-Seq) alongside TRIM28 and EZH2 ChIP-Seq
(Supplementary Figure 3B).40 Real-time quantitative RT-PCR analysis confirmed that EZH2
and TRIM28 depletion significantly decreased the mRNA expression levels of CXCR4 in
MCEF7 cells (Figures 3b and c). Consistent with the activation of CXCR4 as a direct result of
both TRIM28 and EZH2 interaction with chromatin, sequential ChlIP or Re-ChIP of EZH2
and TRIM28 showed enrichment of both EZH2 and TRIM28 at the CXCR4 promoter but
not distal of the transcription start site (Figure 4f). In support of chromatin modification
independently of PRC2, we found that H3K4me3 (Figure 4g) decreases but H3K27me3
enrichment is unchanged at the CXCR4 promoter when TRIM28 is depleted (Figure 4h). We
conclude that TRIM28 modulates association of a stable SWI/SNF complex between EZH2
and chromatin to regulate EZH2-activated genes, such as CXCR4, independently of PRC2-
dependent, EZH2-mediated H3K27 methylation.

TRIM28 regulates MCF7 mammosphere formation and stem cell maintenance

Activation of CXCR4 expression is a reported indicator of a cancer stem cell population.36
Therefore, we used MCF7 sphere-forming or mammosphere assays,*! as a surrogate for
cancer stem cell assessment and to determine whether a TRIM28/EZH2 regulatory axis has

Oncogene. Author manuscript; available in PMC 2018 January 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 7

arole in breast stem cell maintenance. Ectopically expressed TRIM28 in MCF7 cells
increased size and efficiency of mammosphere formation, compared to eGFP expression
(Figure 5a). Breast stem cell populations are characterized by cell surface marker expression
patterns of CD44* and CD24~ or CD24-low.2:43 We determined levels of these indicators
by mass cytometry (cytometry by time of flight analysis, Fluidigm, South San Francisco,
CA, USA)* of MCF7 cells with ectopic expression of TRIM28 or eGFP (Figure 5b). The
population of CD44*/CD24~ cells in MCF7 cells that over express TRIM28 is twofold
greater than control MCF7 plus eGFP (Figure 5b). CXCR4 gene expression is also increased
in mammospheres with ectopic TRIM28 expression (Figure 5c¢). In contrast, the number of
mammospheres formed was significantly decreased by depletion of TRIM28 and rescued by
exogenous expression of short-hairpin RNA-resistant TRIM28 (Figure 5d). Similarly, T47D
cells readily formed mammospheres but, when depleted of TRIM28 (shTRIM28)
(Supplementary Figure 5C), showed decreased mammosphere formation (Supplementary
Figure 5A), as well as a decrease in the population of CD44*/CD24~ cells (Supplementary
Figure 5B) and CXCR4 mRNA expression compared with shControl T47D cells
(Supplementary Figure 5C). Together, these various assays indicate that TRIM28 increases
the enrichment and maintenance of mammosphere-forming cells derived from MCF7 and
T47D cultures, as previously reported for EZH2 function in breast cancer stem cells.13.14

We showed that EZH2 and TRIM28 interact via the pre-SET domain of EZH2 (Figures 1h
and i; Supplementary Figure 2). Ectopic expression of mutant EZH2, deleted at the pre-SET
domain and invulnerable to shEZH2, failed to rescue EZH2-dependant mammosphere
formation (Figure 5e). Full-length TRIM28 also failed to rescue EZH2-dependant
mammosphere formation (Figure 5e). These results suggested that EZH2 plays a critical role
in mammosphere formation that relies on interaction between EZH2 and TRIM28. Taken
together with our global expression analyses, which indicated that TRIM28 and EZH2
coordinately regulated expression of genes with biological functions in differentiation and
morphogenesis (Figure 2e), our findings support a role for TRIM28 in chromatin enrichment
of EZH2 and alterations of chromatin structure by interactions with SWI/SNF, both of which
facilitate EZH2-mediated functions in stem cell maintenance.

DISCUSSION

Numerous studies illustrate a conserved function for EZH2, as the catalytic subunit of the
PRC2 complex, in repression of transcription. Gene silencing by di- and tri-methylation of
H3K27 is mediated by the four core subunits of PRC2: EZH2, EED, SUZ12 and
RBBP4.1:26-28:45 pRC2 is normally associated with multiple biological processes, including
differentiation, cell identity, proliferation and stem cell plasticity.*6 Oncogenic mutations or
overexpression of EZH2 with subsequent increases in H3K27 methylation are correlated
with tumor development and progression, which led to the development of small molecule
inhibitors of the SET domain of EZH2 to ablate its catalytic functions.4”48 However, recent
studies suggest that EZH2 in the absence of its PRC2 partners aberrantly functions in
activation of transcription, which has been correlated with treatment resistance in prostate
cancers.*9 Previous studies of EZH2 in breast cancers showed that B-catenin signaling
promoted EZH2-mediated activation of transcription, independently of H3K27 methylation,
by mechanisms that depend on the ER-status of the cancers. In ER-positive breast cancers,
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EZH2 interacts with and promotes TCF/Wnt/B-catenin interactions with activated ER at
gene regulatory sites.1® In ER-negative breast cancer cells, EZH2 is implicated in pro-
inflammatory signaling by promoting NFkB RELA/RELB activities and expression of IL6
and TNF.50 Wnt-signaling is further implicated in EZH2-PRC2-independent activities in
colon cancers by proliferating cell nuclear antigen-associated factor, which by its
dissociation from proliferating cell nuclear antigen and interactions with EZH2 and p-
catenin activates Wnt-target genes and promotes proliferation and transformation.®! These
findings underscore the need to understand the mechanisms of EZH2-PRC2-independent
functions, which may or may not be responsive to SET-domain inhibition and are likely
context-dependent.

Here, we present a newly identified mechanism for EZH2 in ER-positive, breast cancer-
derived cells, where EZH2 activates transcription of specific genes in the absence of PRC2.
Using mass spectrometry to identify protein partners of EZH2, we uncovered interactions
between EZH2 and TRIM28 in a complex that includes SWI/SNF subunits but lacks
canonical PRC2 subunits. TRIM28 acts at the level of chromatin recruitment by interactions
between the RBCC domain of TRIM28 and the pre-SET domain of EZH2, and promotes
stable SWI/SNF association with EZH2. Decreased histone H3 enrichment and post-
translational modifications associated with activation of target genes, such as increased
H3K4me3 versus repressive EZH2-mediated H3K27me3, occur at targeted binding sites in a
TRIM28- and EZH2-dependent manner.

Both EZH2 and TRIM28 are generally considered as chromatin-associated, repressors of
transcription.16:46 However, depletion of either TRIM28 or EZH2 showed that these
epigenetic factors were mainly activators of gene expression in MCF7 cells, independently
of conserved PRC2 subunits. A significant number of the TRIM28 and EZH2 coordinately
activated genes cluster in differentiation and morphogenesis and include genes in the
cytokine—cytokine receptor (CXCR4/ CXCL 12) pathway that is highly correlated with
cancer stem cells.38 EZH?2 itself has been previously implicated in maintenance of breast
cancer stem cells by mechanisms initiated by either Wnt- or Notch signaling.1314 Previous
unbiased RNA interference-based screens showed that TRIMZ28 functions in maintenance of
mouse embryonic stem cell pluripotency.?! EZH2 and TRIM28 coordinately activate
CXCR4, promote expansion of a CD44*/CD24~ population of cells and have critical roles in
mammosphere formation.

Our studies of stem cell activities underscore the cell-type specificity of EZH2 functions and
offer a mechanism by which TRIM28 promotes interactions between EZH2 and chromatin
remodeler SWI/SNF to activate chromatin structure. Previous studies showed that specific
cancer-derived cell lines with mutations of SWI/SNF subunits were dependent on PRC2
subunits for proliferation and growth; however, EZH2 acted only to stabilize PRC2 not to
methylate H3K27.52 Thus, even when non-catalytic functions of EZH2 are uncovered,
which render specific cancers inert to SET-domain targeting therapeutics, the mechanisms of
action and selectivity of aberrant EZH2 activities may be highly cancer-specific or even
restricted to a sub-population of cancer cells. The newly defined SWI/SNF-TRIM28-EZH2
regulatory axis in breast cancer cells and the identified domains of interaction between
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TRIM28 and EZH2 may open new avenues for therapeutic development that target a cancer
stem cell population.

MATERIALS AND METHODS

Cell culture, vectors, mutants and protein purification

The HEK293T, and breast cancer cell lines MCF7 and T47D were obtained from the
American Type Culture Collection and grown in suggested media conditions. HA-TRIM28
vector was a gift from Dr Patrick Ryan Potts.>3 Cloning of MBP-EZH2, GST-TRIMZ28,
Flag-TRIM28 and HA-TRIM28 mutated forms was performed as described.54:55 EGFP,
TRIM28 WT lentiviral plasmids were generated via the Gateway system in a pLX304
lentiviral backbone. ShTRIM28-resistant TR/IMZ28 was generated by inducing silent
mutations at three nucleotides (Supplementary Table S11), targeted by sh 7R/M28 RNA.
MBP and GST proteins were purified from Escherichia Coli with MBP beads and GST
beads (GE Healthcare, BioSciences, Pittsburgh, PA, USA), respectively.56

Lentiviral infections, establishment of stable knockdown cell lines

EZH2 and TRIM28 knockdowns were achieved using stable pGIPZ short-hairpin interfering
RNA in lentivirus (clone: V2LHS_ 17507 for EZH2, clones of shTRIM28, Clone #1:
V3LHS 358497, Clone #2: V3LHS 358502, GE Dharmacon, Lafayette, CO, USA). A
lentiviral scrambled pGIPZ plasmid (GE Dharmacon) was used as control for transfection
and virus packaging. The protocol for virus packaging and generation of stable cell lines was
followed as described previously.>* In brief, the pGIPZ-shEZH2, pGIPZ-shTRIM28, eGFP,
shTRIM28-resistant TRIM28 lentiviral plasmid was co-transfected with packaging plasmids
psPAX2, and pMD.2G (Addgene, Cambridge, MA, USA) into HEK293T cells to generate
virus. After 48 h, the supernatant was collected, filtered and transferred into targeted cell
lines for infection for 2-3 days, followed by selection with 2 pg/ml Puromycin (Sigma, St
Louis, MO, USA) and growth of stable resistant clones.

Western blots

Western blots were performed following established protocols.®’ List of antibodies used:
EZH2 mADb #39875(Active Motif, Carlsbad, CA, USA) was used for IP and ChIP, pAb
#39933 (Active Motif), and Rabbit mAb#5246 (Cell Signaling, Danvers, MA, USA) was
used for western blotting; TRIM28, Ab10483 (Abcam, Cambridge, UK), Santa Cruz
(Dallas, TX, USA), SC-33186 (H300) were used for western blotting; other antibodies used
are SUZ12, Abcam ab12073; EED, GTX628007; RBBP4 GTX62136; TRIM33, Abnova
(Walnut, CA, USA), #51992-M01; HA, Roche Life Science-US (Indianapolis, IN, USA)
12CAb5; Flag, Sigma; Myc Santa Cruz, SC-40 (9E10), SWI/SNF antibody kit, Cell
Signaling.

Immunoprecipitation-mass spectrometry, gel flitration chromatography

MCF7, T47D cells were lysed in buffer (25 mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM
ethylenediaminetetraacetic acid, 0.5% NP-40) for 30 min at 4 °C, 500 pg cell lysate was
used to incubate with either EZH2, TRIM28 antibodies overnight. Then proteinase A
Sepharose beads (GE Health) were added for additional 2 h incubation. After extensive
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washing, 35 pl sodium dodecy! sulfate loading dye was added into the beads, the beads were
boiled for 5 min to elute the protein complex. Elutes were then subject to western blot in
various percentage of sodium dodecy! sulfate polyacrylamide gel electrophoresis gels. Gel
was cut and sent out for mass spec at UTMB proteomics core.5’ For gel filtration assay,
chromatography was performed at 0.4 ml/min, collecting 0.5 ml fractions in cold room. The
fractions were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis gels
followed by western blot with various antibodies as indicated in the figures.

Mammosphere assay

Single-cell association for mammosphere formation was performed, following established
protocols,*3 with MCF7 cells and derived mutant cell lines at a density of 1 x 104 cells/ml.
Mammospheres were cultured in MammoCult Human Basal Medium with added
proliferation Supplement (Stem Cell Technologies, BC, Canada) on Costar Ultra Low
Attachment tissue culture plates. After 7 days, mammosphere sizes and numbers were
determined using an inverted microscope. Size was measured as the widest diameter with
the scale bar. Only mammaospheres exhibiting greater than 60 um diameter were counted. All
experiments were done in triplicates.

RNA extraction, RNA-sequencing analysis, DAVID pathway analysis

Total RNA was extracted using Trizol reagent from shControl, shEZH2 and shTRIM28
MCFT7 cell lines. Replicates of RNA were used for RNA-sequencing library preparation
using llumina Tru-Seq RNA library prep kit VV2; sequencing was performed using Illumina
HiSeq 2500 to obtain paired-end 150 mer reads. Raw reads were aligned to human reference
genome (hg19) by Tophat v2.0.10,58 reads count for each transcript was obtained by
htSeq.5? Differentially expressed gene lists were generated using edgeR,5% with adjusted A-
value set to be <0.01. The differentiated gene lists were uploaded into the online DAVID
functional annotation tool to analyze GO functions, biological pathways and annotations.5!

Chromatin immunoprecipitation

These methods were performed as previously reported.>* ChIP and Re-ChIP were performed
as described®? with antibodies for EZH2 and TRIM28. In brief, MCF7 cells were cross-
linked with 1% formaldehyde for 15 min. The cross-linking reaction was stopped with 0.125
M glycine. The cross-linked cells were washed with phosphate-buffered saline three times
and stored at — 80 °C before use. The fragmented, precleared chromatin lysate was
incubated overnight with EZH2 antibody, and Protein A beads were used to collect the
EZH2 ChIP’d chromatin. Three duplicates of EZH2 ChIP’d chromatin were combined and
followed by a second ChIP with an antibody recognizing TRIM28 or negative control
imunoglobulin G only. Pelleted chromatin was treated with RNase, Proteinase K and reverse
cross-linked overnight. ChlP’d DNA was extracted by Phenol/chloroform. To analyze
specific, antibody- and protein-bound DNA, qPCR was conducted in a 7500 FAST ABI
instrument. Primers are listed in Supplementary Table S12.
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ChlIP-sequencing analysis

ChIP-seq raw reads were aligned to human reference genome (hg19) using Bowtie v1.0.0,53
allowing up to one mismatch per read. Only uniquely mapped reads were kept for
downstream analysis. Peaks were called by MACS v1.3.7,%4 using P-value cutoff 1e-5. The
ChlIP-seq intensities were normalized to 10 millions reads per sample. Overlaps between
TRIM28 peaks and EZH2 peaks were defined using BEDTOOLS (v2.25.0) with default
parameters. The genomic location of ChiP-seq peaks were analyzed using in-house python
scripts. Publically available data set used for EZH2 ChIP-Seq in human mammary epithelial
cells were: (https://www.encodeproject.org/experiments/ENCSRO00ARE)
(GEO:GSM1003501). The ChlP-seq snapshots were visualized by the UCSC genome
browser.40

Mass cytometry sample processing and analysis cytometry by time of flight, and flow

cytometry

MCF7 cells were washed with phosphate-buffered saline then disassociated with 0.05%
Trypsin (Sigma-Aldrich, St Louis, MO, USA). Live/dead cisplatin staining and subsequent
fixation and sample processing was done according to the methods described previously.5®
Antibody labeling of cells was performed in a buffer of 0.5% bovine serum albumin (Sigma-
Aldrich) and 0.02% sodium azide (Sigma-Aldrich) in phosphate-buffered saline at room
temperature using a concentration of 4 x 10° cells/ul with CD24 and CD44 antibodies
(Fluidigm). Cells were analyzed using a cytometry by time of flight mass cytometer run at a
concentration of 5 x 10° cells/ml (Fluidigm). EQ Four Element Calibration Beads
(Fluidigm) were added to the samples immediately prior to sample loading. Data were
normalized based on bead signal using the included cytometry by time of flight software.
Initial data processing and gating were performed using FlowJo vX10.0. Beads were gated
off of the samples and data were gated on singlets, based upon Ir193 and Event Length
parameters. Live/dead cell discrimination was performed based upon the Pt198 channel.
Flow cytometry was performed as previously reported.58 In brief, single-cell suspensions of
shCtrl, and shTRIM28 T47D cells were stained with antibodies to CD44 (eBioscience), and
CD24 (eBioscience, San Diego, CA, USA). Cells were acquired on a flow cytometry
analyzer (LSR 1I; BD Biosciences) and data were analyzed with DIVA software (BD
Biosciences, San Jose, CA, USA).

Statistical analyses

GraphPad Prism6 software (GraphPad Software, Inc., La Jolla, CA, USA) was used for
statistical analysis. The two-tailed paired student’s #test was employed to verify whether the
difference between two groups is significant. ~-values <0.05 were considered to be
statistically significant.

Data access: TRIM28, EZH2 RNA-seq and TRIM28 ChlIP-seq data can be accessed at NCBI
Gene Expression Omnibus (http://www.ncbhi.nlm.nih.gov/geo/) under accession no.
GSE76271.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
The RBCC domain of TRIM28 interacts with the pre-SET region of EZH2. (a) Flag-EZH2

and HA-TRIM28 were co-transfected into HEK293T cells and either HA (a) or Flag was
immunoprecipitated (b) followed by immunoblotting with Flag or HA antibody (*non-
specific band). (c) Endogenous TRIM28 in MCF7 cells was immunoprecipitated and
immunoblotted to detect EZH2. (d) Endogenous EZH2 in MCF7 cells was
immunoprecipitated, and immunoblotted to detect TRIM28 and other PRC2 members. (€)
Gel filtration assay. MCF7 lysate was fractionated by Superose 6 chromatography, followed
by immunoblotting for EZH2, EED, RBBP4 and TRIM28. (f) Schematic representation of
various deletion mutants of HA-TRIM28 used for co-interaction analyses. (g) Flag-EZH2
and HA-TRIM28 full-length and deletion mutants were ectopically expressed; followed by
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Flag-immunoprecipitations and immunoblotting with Flag and HA antibodies. Inputs are
shown in bottom panels. (h) Schematic representation of various deletion mutants of Flag-
EZH2 used for co-interaction analyses (i) HA-TRIM28 was co-transfected with various
Flag-EZH2 mutated plasmids followed by HA-immunoprecipitations and immunoblotting
with Flag and HA antibodies. Inputs are shown in panels on the right. (j) Venn diagram of
intersection of genomewide EZH2-binding sites in HMEC cells with TRIM28-binding sites
in MCF7 cells obtained from ChIP-Seq analysis.
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Figure 2.
EZH2 and TRIM28 co-regulate genes associated with differentiation and morphogenesis. (a,

b) Heatmap showing expression data for EZH2-dependent (a), and TRIM28-dependent (b)
genes in MCF7 cells. The 0 to — 1.5 range represents the standard scores of RNA-seq
expressions for each gene. (c) Intersection of TRIM28- and EZH2-regulated transcriptomes
reveal 134 co-regulated genes. The P-value for the Venn diagram is 4.3e-11 (Fisher’s Exact
Test). (d) Distribution of genes differentially co-regulated by TRIM28 and EZH2. (e)
Functional annotation analysis of genes coordinately activated by EZH2 and TRIM28 (top
five categories shown). (f) Impact of altered gene expression for 65 protein-coding genes,
co-activated by EZH2 and TRIM28, illustrated by Kaplan—Meier survival plots using the
TCGA 2012 breast invasive carcinoma data set (from http://www.cbioportal.org/).
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Figure 3.
EZH2 and TRIM28 directly co-activates a subset of genes. (a) Venn diagram showing the

comparison of TRIM28- and EZH2-dependent activated genes obtained from RNA-Seq with
TRIM28 ChIP-Seq. (b, c) Expression levels of selected TRIM28/EZH2 co-activated genes
were analyzed in shCtrl and sh 7R/MZ28 (b), and in shCtrl and shEZHZ2 (c) MCF7 cells by
RT-gPCR. Error bars represent s.e.m. from three independent experiments (*£<0.05). (d)
ChIP-gPCR analysis of TRIM28 occupancy at SULF1, KIAA1217, CCBL1, CAZ,
FAMI129A, MYEOV and CXCR4 promoters in MCF7 cells. Error bars represent s.e.m. from
three independent experiments. (*/<0.05). (€) ChIP-gPCR analysis of EZH2 occupancy at
selected gene promoters in shCtrl and sh TR/IMZ28 MCF7 cells. Error bars represent s.e.m.
from three independent experiments (*£<0.05).
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Figure 4.
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TRIM28 and EZH2 regulate CXCR4 gene expression. (a) Endogenous EZH2 in MCF7 cells
was immunoprecipitated, and immunoblotted to detect TRIM28 and members of SWI/SNF
complex. (* non-specific band). (b) Gel filtration assay. MCF7 lysate was fractionated by
Superose 6 chromatography, followed by immunoblotting for EZH2, SMARCC1, ARID1A
and TRIM28. (c) Endogenous EZH2 was immunoprecipitated from lysates of shControl,

sh TRIMZ28 MCFT cells, followed by western blotting using SWI/SNF complex members
antibodies as indicated. (d) ChIP-gPCR analysis of histone H3 occupancy at selected gene
promoters in shCtrl and sh 7R/M28 MCF7 cells. Error bars represent s.e.m. from three
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independent experiments (*/<0.05). (€) Scatter plots of gene expression levels measured as
FPKM (fragments per kilobase of transcript per million mapped reads) values in shCtrl and
shEZHZ (left), and in shCtrl and sh 7TR/IMZ28 (right) MCF7 cells. CXCR4 is highlighted as an
example of TRIM28 and EZH2 co-activated gene (f) Sequential ChIP analysis in MCF7
cells: Chromatin fragments enriched by EZH2 were used in a sequential ChIP with antibody
recognizing TRIM28 or IgG (negative control) at CXCR4 promoter and distal regions
(CXCRA4-dis), Error bars represent s.e.m. from three independent experiments (*/£<0.05). (g,
h) ChIP-gPCR analysis of H3K4me3 (g) and H3K27me3 (h) occupancy normalized to H3 at
the promoter of CXCR4 gene.
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Figure5.
TRIM28 promotes mammosphere formation. (a) Brightfield images showing that

mammosphere formation ability of MCF7 cells is increased by ectopic expression of
TRIM28. Bar graphs are average sphere numbers +s.e.m. per 2 x 103 plated cells from three
independent experiments (*£<0.05). Mammopheres of size >60 um were counted. (b)
CD44%/CD24~ populations analyzed by mass cytometry of control eGFP- and ectopic
TRIMZ8-expressing MCF7 cells with quantified results shown in the graph. Error bars
represent s.e.m. from three independent experiments: Number of events counted were 3838,
3082 and 2668 for TRIM28 overexpression; and 2453, 1697 and 2078 for eGFP control,
respectively (*<0.05). (c) CXCR4 expression analyzed by RT-gPCR in mammospheres of
MCEF7 cells overexpressing TRIMZ28. Error bars represent s.e.m. from three independent
experiments (*/£<0.05). (d) Brightfield images of mammospheres in TRIM28-depleted
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MCEF7 cells ectopically expressing eGFP or shRNA-resistant TRIM28. Bar graphs are
average sphere numbers +s.e.m. per 2 x 103 plated cells from three independent experiments
(*P<0.05). Mammopheres of size >60 um were counted. (€) Brightfield images of
mammospheres in EZH2-depleted MCF7 cells ectopically expressing TRIM28 or shRNA-
resistant wild type or mutant EZH2. Bar graphs are average sphere numbers s.e.m. per 2 x
103 plated cells from three independent experiments (*2<0.05). Mammopheres of size >60
um were counted.
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