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ORIGINAL ARTICLE

EZH2 promotes neoplastic transformation through VAV
interaction-dependent extranuclear mechanisms

N Venkatesan'®, JF Wong'®, KP Tan*3, HH Chung’', YH Yau', E Cukuroglu®, A Allahverdi', L Nordenskisld', J Goke*,

S Geifman-Shochat’, VCL Lin', MS Madhusudhan®>®” and I-h Su'

Recently, we reported that the histone methyltransferase, EZH2, controls leukocyte migration through interaction with the
cytoskeleton remodeling effector, VAV, and direct methylation of the cytoskeletal regulatory protein, Talin. However, it is unclear
whether this extranuclear, epigenetic-independent function of EZH2 has a profound impact on the initiation of cellular
transformation and metastasis. Here, we show that EZH2 increases Talin1 methylation and cleavage, thereby enhancing adhesion
turnover and promoting accelerated tumorigenesis. This transforming capacity is abolished by targeted disruption of EZH2
interaction with VAV. Furthermore, our studies demonstrate that EZH2 in the cytoplasm is closely associated with cancer stem cell
properties, and that overexpression of EZH2, a mutant EZH2 lacking its nuclear localization signal (EZH2ANLS), or a methyl-
mimicking Talin1T mutant substantially promotes JAK2-dependent STAT3 activation and cellular transformation. Taken together, our
results suggest a critical role for the VAV interaction-dependent, extranuclear action of EZH2 in neoplastic transformation.
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INTRODUCTION

EZH2 overexpression or mutation is known to associate with
several aggressive human solid tumor types, including prostate
cancer, breast cancer and different types of lymphomas, and is
indicative of a poor prognosis in patients.” The oncogenic effect
of EZH2 can be achieved through histone 3 lysine 27 trimethyla-
tion (H3K27Me3)-mediated transcriptional repression of tumor
suppressor genes such as CDH1 (E-cadherin), RKIP, RAD51,
DAB2IP, RUNX3 and CDKN1c (p57""%).*7 EZH2 can also regulate
gene expression indirectly through the recruitment of DNA
methyltransferases to target gene promoter regions.? H3K27
methylation-independent roles of EZH2 have also been identified.
EZH?2 interactions with NF-kB in breast cancer cells promote NF-kB
target gene expression’ and EZH2 recruitment to the NOTCH1T
promoter increases NOTCH1 expression and signaling.'® While
EZH2 acts as a coactivator for the androgen receptor'' transcrip-
tion factor, it can also enhance STAT3 activity or stabilize B-catenin
through the methylation of these proteins.'>'® Furthermore, EZH2-
mediated methylation of the transcription factors GATA4 and RORa
results in the attenuation of their transcriptional activities.'*'”
Interestingly, the oncogenic property of EZH2 has been challenged
by several recent findings that suggest a tumor suppressor role for
EZH2 in T-acute lymphoblastic leukemia.'®™'® Despite intensive
efforts to determine the molecular mechanisms of dysregulated
EZH2 expression in oncogenesis, we still do not fully understand the
role of EZH2 in this context. Therefore, the underlying mechanisms
linking dysregulated EZH2 expression with cancer initiation and
progression may vary depending on the cellular context and
oncogenic pathways that are activated in different cancers.

Functionally, EZH2 overexpression results in the downregulation
of adhesion molecules, cell cycle regulators, transcription factors and
DNA repair machinery,*”'%?® and these changes have been shown
to contribute to cellular transformation and metastasis. Furthermore,
our previous study identified a cytosolic EZH2 complex associated
with another group of proto-oncogenes, the VAV family of
proteins.2'2® VAV proteins are guanine nucleotide exchange factors
(GEFs) for Rho family GTPases that are involved in cell adhesion,
migration and proliferation of normal cells as well as the
pathogenesis of cancer cells.**® More specifically, VAV2/VAV3 are
shown to be essential for the development of breast cancer and skin
tumors,?®* while VAV2 is suggested to be recruited to epidermal
growth factor receptor (EGFR) during the morphological transforma-
tion of mammary epithelial cells.>® In addition, VAV1 gene mutations
have been detected in various human tumors®**>?’ and an
oncogenic form of VAV1, which is N-terminally truncated and does
not assume an auto-inhibitory conformation,>'*? has been shown to
promote the transformation of fibroblasts.>3

Even though there is a large amount of data showing the critical
roles of EZH2 and VAV family proteins in tumorigenesis, it is not
clear whether there is a functional link between EZH2 and VAVs in
this context. Here, we identify the residues on EZH2 that are
critical for its interaction with VAV and demonstrate that EZH2
interactions with VAV proteins are crucial for the regulation of
adhesion dynamics and cellular transformation. Mechanistically,
overexpression of wild-type EZH2 or EZH2 lacking its nuclear
localization signal (EZH2ANLS) promotes Talin methylation and
cleavage, thereby destabilizing adhesion structures in a VAV
interaction-dependent manner. In addition, the expression of a
methyl-mimicking Talin1 mutant or EZH2ANLS substantially
enhances JAK2-dependent STAT3 activity and the expression of
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STAT3 target genes associated with tumorigenesis. Taken
together, our data suggest that EZH2 interactions with VAV family
proteins in the cytoplasm contribute to initial neoplastic
transformation and possibly the maintenance of cancer stem
cells through the regulation of adhesion dynamics and STAT3
signaling pathways, which precedes the well-established functions

RESULTS

Characterization and structural prediction of the EZH2-VAV1
interaction domains

The structural details of the EZH2-VAV interaction are required for
determining whether it is critical for neoplastic transformation as
well as for designing a treatment strategy to interrupt the

of EZH2 in epigenetic silencing of tumor suppressors. interaction. With this in mind, we narrowed down the minimal
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VAV1 interaction domain to EZH2,4;_55, and confirmed the direct
interaction of EZH2-VAV in the absence of other complex proteins
by reciprocal pull-down experiments using recombinant EZH2
(EZH2501-252) and VAV1 (VAV1,_;7,)*"3* fragments (Figure 1a). The
binding affinity of the EZH2 and VAV1 fragments (Figure 1b) was
further determined using the surface plasmon resonance-based
biosensor, BIACORE, to be between 0.6 and 1.5um with a
stoichiometry of 1:1 (Figures 1c and d). This interaction is
characterized as a quick interaction with a binding affinity similar
to other important biological interactions.®

In order to better understand the EZH2-VAV interaction on a
molecular level, we attempted to co-crystallize the interaction
domains of these two proteins. Unfortunately, all of our crystal-
lization attempts failed, so we decided to employ a bioinformatics
approach as an alternative to determine the critical amino-acid
residues required for this interaction. Since the minimal EZH2-
interacting domain of VAV1 (amino acids 66-115, reported in ref.
21,34) contains a calponin homology (CH) domain, we examined
all eight known protein—protein interactions involving CH
domains and observed that they all interact with helices. This
pattern of CH domain interaction with helices was consistent even
when the sequences of interacting helices were only weakly
similar to one another (for details, see Supplementary Methods).
Furthermore, electrostatic profiling of the VAV1 CH domain shows
a charged interaction surface (Figure 1e), where one part of the
surface is positively charged and the other end is negatively
charged. On the basis of these analyses, we propose that the part
of EZH2 interacting with VAV1 must be helical and that the
interaction is likely to be predominated by electrostatic interac-
tions, which is a conserved feature of all observed interactions
involving CH domains.

On EZH2, two helices are predicted between residues 221-230
and residues 237-250 (Supplementary Figure 1a). Interestingly, a
similar structure has been reported recently in EZH2’s yeast
counterpart, despite very low sequence homology between the
yeast and mammalian EZH2 proteins.® Our analyses indicate that
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charge complementarity between VAV1 and EZH2 is best
achieved with the second helix and thus the interaction models
were fine tuned to maximize the charge complementarity. The
detailed structural analysis is shown in the Supplementary
Methods.

Identification of the critical residues required for EZH2-VAV1
interaction

Following our structural analyses, we generated a model of the
VAV1-EZH2 complex (Figure Te), proposing that the positively
charged amino-acid residues of the EZH2 helix (K234, K241 and
K245) complement the negatively charged amino-acid residues of
VAV1 (E92, E95, D98, D101 and D104) (Figure 1f and
Supplementary Methods). The proposed EZH2 interaction region
is highly conserved between VAV1, VAV2 and VAV3 from various
species (Figure 1g and Supplementary Figure 1b), suggesting that
the EZH2-VAV interaction is likely to be conserved among
different cell types and species. Consistent with this notion,
EZH2 was shown to interact with VAV2 in non-hematopoietic
lineage cells such as BOSC23, MCF10A cells and a human breast
cancer cell line (Supplementary Figure 2a).

To validate our predictions, the proposed mutations were
introduced into the recombinant EZH2;4, 55, fragment and the
resulting mutants were then tested for their abilities to interact
with the wild-type VAV1 fragment using pull-down assays, as
described in Figure 1a. Our data revealed that alanine substitution
of lysine residues K234, K241 and K245 on EZH2 resulted in a
modest, but consistent, reduction of EZH2-VAV1 interaction
(Figure 1h). Subsequently, we generated the double lysine
mutants EZH2-K241/K245A (reported in ref. 37) and EZH2-K234/
K245A, which exhibited significant decreases in VAV1 interaction
in our in vitro assays (Figure 1h). Using surface plasmon resonance
analysis, these EZH2 mutants were shown to bind to VAV1
fragments with 5-10-fold reduced affinities (Figure T1i). Since
EZH2-K234/K245A exhibited more reductions in VAV1 interaction
in our assays, we utilized the EZH2-K234/K245A mutant in our

<

Figure 1. Structural prediction and identification of the critical residues on EZH2 for EZH2-VAV interaction. (a) Purified GST-tagged VAV1,_;7,
and 6 x His-tagged EZH2,4, 5, were immunoprecipitated with either His-Pur Cobalt resin or glutathione beads. Immunoblots with the
indicated antibodies are shown. ‘C" indicates GST control incubated with EZH2 fragment and ‘EV’ indicates EZH2 fragment incubated with
VAV1 fragment. (b—d) EZH2-VAV1 interaction was characterized by surface plasmon resonance (SPR) analysis. (b) Purified EZH2-HIS,4;_55, and
GST-VAV1,_,7, were analyzed by Coomassie-stained gel before being subjected to SPR analysis. (c) VAV1,_,7, interactions with EZH24;_5s; as
determined by SPR. Sensograms obtained were buffer and reference flow cell corrected. (d) Equilibrium responses were plotted against the
log of EZH2-HIS,01_25, concentration. The estimated affinity constant of the interaction between EZH2-HIS;4; 35, and GST-VAV1,_;7, was
600 nm based on the steady-state model. (e) Comparative model of the VAV1-EZH2 interaction. VAV1 is shown in surface representation, while
the interacting helix of EZH2 is shown as ribbon. The surface is colored by its electrostatic potential. Positive and negative regions are shaded
blue and red, respectively. Detailed information for the structural analysis is listed in the Supplementary Methods. (f) Predicted mutations in
EZH2 and the complementary mutations in VAV1 to disrupt EZH2-VAV1 interaction. (g) Sequence alignment of the EZH2-interacting stretch of
human VAV1, VAV2 and VAV3. Alignment positions marked with an “*' indicate sequence conservation, while ' and " denote levels of
sequence similarity (details see Supplementary Figure 1b). (h) The interactions of HIS-tagged EZH2,4,_55, point mutants with wild-type VAV1,_;7,
fragment were determined by immobilizing EZH2 using His-Pur Cobalt resin and incubating with purified VAV1 fragments. Bar graph on the
right summarizes the fold changes in VAV1 co-precipitated by EZH2 mutants relative to the amount pulled down by wild-type EZH2 from
three independent experiments. Means =+ s.d. are shown. **P=0.001, 0.007, 0.0004, 0.002, 0.0002 (left to right), *P=0.03 (two-tailed Student’s t-
test). (i) VAV1,_,7, interactions with EZH2,4,_,5, mutants as determined by SPR. Interactions were performed as in c. (j) Empty vector (EV), wild-
type EZH2 and EZH2-VAV/MT fused with C-terminal GFP-FLAG-tags were transiently expressed in BOSC23 cells and EZH2 fusion proteins were
purified using anti-FLAG antibody under stringent conditions free of interacting proteins (see input controls). The amounts of purified EZH2
variants were adjusted and incubated with BOSC23 lysates to interact with VAV2. The co-precipitated VAV2 was determined by specific
antibody. Bar graph summarizes the fold changes in VAV2 (co-p VAV2) co-precipitated by EZH2-VAV/MT relative to that pulled down by wild-
type EZH2 from three independent experiments. Mean + s.d. for each condition is shown. **P=0.005 (two-tailed Student’s t-test). (k) Whole-
cell extracts of wild-type (MCF10A) or endogenous EZH2 knockdown MCF10A cells transduced with control virus (MIG) or retrovirus to express
the indicated EZH2 variants were subjected to EZH2 or VAV2 immunoprecipitation. Data shown are representative of two independent
experiments. (I) EZH2 was immunoprecipitated from total cell extracts of EZH2 knockdown MCF10A cells reconstituted with the indicated
EZH2 variants and used in an in vitro methyltransferase assay with cold S-adenosyl methionine (SAM) as a methyl donor and recombinant
histone octamer as a substrate. H3K27me3 was determined by immunoblot with specific antibody. (m) Histone methyltransferase activities of
wild-type EZH2 and the VAV targeting mutant EZH2-K234/245A (EZH2-VAV/MT) immunoprecipitated from reconstituted EZH2 knockdown
MCF10A cells were measured as in |, except with titrated amounts of EZH2, as indicated. Immunoblots shown in this figure are representative
of more than three independent experiments.
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subsequent studies (hereafter referred to as EZH2-VAV/MT). The
reduced interaction of mutated EZH2 and VAV1 was further
verified using full-length proteins (Supplementary Figure 2b) and
the additional K241A mutation did not further reduce the
interaction (Supplementary Figure 2c). Similarly, complementary
mutations in full-length VAV1 (E92A, E98A and D104A) also led to
substantial reductions in their interactions with EZH2
(Supplementary Figure 2d). Moreover, we confirmed that the
interaction of EZH2-VAV/MT with VAV2, the major VAV family
protein in non-hematopoietic lineage cells, was also significantly
reduced both in vitro (Figure 1j) and in cells (Figure 1k). However,
these lysine mutations on EZH2 did not disrupt interactions with
components of the PRC2 core complex (SUZ12 and EED)
(Supplementary Figure 2e) or compromise EZH2's histone
methyltransferase (HMTase) activityin vitro (Figures 11 and m).

VAV interaction is required for EZH2-promoted tumorigenesis

We next sought to determine whether the interaction of EZH2
with VAV family proteins is essential for the transforming capacity
of EZH2. For our initial in vitro assessment of transforming
capacity, we overexpressed wild-type EZH2, an enzymatically
inactive form of EZH2 (EZH2H689A), or the EZH2-VAV/MT mutant
in the mammary epithelial cell line H16N2 and tested whether
they could initiate malignant transformation using anchorage-
independent cell growth assays. To enhance the EZH2 interaction
with VAV in the cytosol, we also expressed a mutant EZH2ANLS. To
avoid interference, endogenous expression of EZH2 in H16N2 cells
was knocked down by lentivirus-mediated short hairpin RNA
(shRNA) and the target site of the shRNA was mutated in the
exogenous EZH2 constructs (Supplementary Figure 3a). The total
amounts of exogenous EZH2 variants were about 4-5-fold higher
than those observed in normal epithelial cells, but were
physiological and comparable to the endogenous EZH2 expres-
sion levels in 4T1 and MDA-MB-231 breast cancer cells
(Supplementary Figure 3a). The results of our anchorage-
independent cell growth assays showed that the expression of
wild-type EZH2 promoted colony formation (Figure 2a), which is
consistent with previous studies.'” Furthermore, we found that
expression of the EZH2ANLS mutant resulted in a two-fold
increase in cytosolic EZH2 expression levels (Supplementary
Figure 3b), drastically elevated the number of breast cancer
stem-like cells (Supplementary Figure 3c), and significantly
promoted cellular transformation relative to results obtained for
wild-type EZH2 (Figure 2a, left and middle panels). In contrast,
expression of the enzymatically inactive EZH2H689A mutant or
control construct (MIG) did not promote anchorage-independent
cell growth (Figure 2a). Moreover, VAV2 knockdown drastically
reduced the transforming capacity of EZH2ANLS (Figure 2a, right
panel, and Supplementary Figure 3d). Similarly, expression of
either the EZH2-VAV/MT mutant or an EZH2-VAV/MT mutant
lacking its NLS resulted in the complete loss of EZH2-promoted
cellular transformation (Figure 2a).

To determine whether VAV interaction is crucial for EZH2-
promoted primary tumor growth in vivo, we first utilized a
xenograft model of SCID mice transplanted with human breast
cancer cells. For our experiments, EZH2 variants were transduced
into MDA-MB-231 cells and the resulting cells were inoculated into
the mammary fat pads of female NOD-SCID mice (expression of
EZH2 variants is shown in Supplementary Figure 3e). Even though
the percentage of exogenous EZH2 in these cells only ranged from
30 to 45% (Supplementary Figure 3e), we still observed distinct
influences of EZH2 variants on tumor growth in vivo. The tumor
growth in mice that received wild-type EZH2- or EZH2ANLS-
expressing cells was significantly higher than the growth observed
in mice that received cells expressing MIG, EZH2H689A or EZH2—
VAV/MT (Figures 2b and c). Mice that received cells expressing
wild-type EZH2 or EZH2ANLS also showed enlarged lymph nodes,
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which is indicative of lymph node metastasis (Figure 2d and
Supplementary Figure 3f showing the presence of human origin
cancer cells in lymph nodes).

To further validate the oncogenic capacity of EZH2 variants
in vivo in a different experimental setting, we utilized the 4T1
mouse breast cancer model. Endogenous EZH2 in 4T1 cells was
first lowered by specific shRNA-mediated knockdown before the
cells were transduced with EZH2 mutants and inoculated into the
mammary fat pads of BALB/c mice (the expression of EZH2
variants is shown in Supplementary Figure 3g). In these
experiments, the exogenous EZH2 consisted of 40-65% of the
total EZH2 (Supplementary Figure 3g, right panel). It was not
possible to drastically increase the expression of exogenous EZH2
in cancer cells, likely due to the high level of endogenous EZH2 or
potentially oncogene toxicity.3® Our results showed that even
under immune-competent conditions, EZH2 and EZH2ANLS were
still able to greatly enhance tumor growth (Figures 2e-g).
Interestingly, when we reduced the VAV-targeting capacity of
the EZH2 lacking its NLS (EZH2-VAV/MTANLS), the elevated tumor
growth and metastasis were reduced, demonstrating the critical
role of the EZH2-VAV interaction in EZH2-promoted tumorigen-
esis (Figures 2e—q).

EZH2 promotes VAV interaction-dependent adhesion turnover

Previous work from our lab has shown that extra-nuclear EZH2 has
important roles in regulating receptor-induced actin polymeriza-
tion and integrin-dependent transendothelial migration in a
number of different cell types.?>*” Since malignant transformation
is frequently associated with changes in the adhesive and
migratory behavior of cells, we hypothesized that in addition to
the epigenetic regulation of gene expression, EZH2 also controls
adhesion dynamics and thereby contributes to tumorigenesis in a
VAV-dependent manner. To test our hypothesis, we first
investigated the formation of adhesion structures in H16N2 cells
expressing EZH2 variants. While the adhesion assembly rates were
comparable between cells expressing EZH2 variants, the expres-
sion of wild-type EZH2 or EZH2 lacking its NLS substantially
reduced the size (Figures 3a and b, top panel) and number
(Figures 3a and b, bottom panel) of adhesion structures by
promoting adhesion disassembly (Figure 3¢, Supplementary Video
1). Correspondingly, the areas occupied by these cells were
significantly reduced (Figure 3d). In contrast, the expression of
inactive EZH2 (EZH2H689A) or VAV interaction mutant EZH2
(EZH2-VAV/MT) in H16N2 cells significantly promoted the
formation of large, stable, adhesion structures, such as focal and
fibrillar adhesions, with very slow disassembly rates (Figures 3a—c
and Supplementary Video 2), resulting in cells that spread out
extensively (Figure 3d). Similarly, even in cells expressing
hyperactive EZH2 (EZH2Y641F), when the interaction with VAV
was disrupted, the reduction in cell spreading area was abolished,
(Figure 3d, EZH2-VAV/MT-Y641F). Overall, these results are well
correlated with the oncogenic capacity of the EZH2 variants
shown earlier and suggest that EZH2 promotes cellular transfor-
mation at least partly through the regulation of adhesion
dynamics.

EZH2-mediated Talin1 methylation regulates EGF-independent
adhesion dynamics

Since VAV2 is known to be recruited to EGFR*® and more than 30%
of all breast cancers are linked to overexpression of EGFR or
abnormal EGFR signaling,®® we sought to determine whether EGF-
induced disassembly of adhesions is affected by the expression of
EZH2 variants. For these experiments, the aforementioned EZH2
knockdown H16N2 cells expressing EZH2 variants were EGF
starved for 3 days and then re-stimulated with EGF. This treatment
significantly promoted the disassembly of adhesion structures in
EZH2 knockdown cells and cells expressing wild-type or cytosolic

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 2. VAV interaction-dependent oncogenic capacity of EZH2. (a) Wild-type un-transduced (Un), endogenous EZH2 knockdown (Endo-KD),
VAV2 knockdown (VAV2-KD) or H16N2 cells transduced with control (MIG) or retrovirus to express the indicated EZH2 variants were tested for
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inoculated into the mammary fat pads of 6- week old female NOD-SCID mice. (b) The tumor volumes at different time points were estimated
based on the width and length measurements using a Vernier caliper, as described in Materials and methods section. Statistical analyses were
performed between wild-type EZH2 or EZH2ANLS and EZH2-VAV/MT or MIG controls. (c) Tumor weight was measured at the end of
experiment after killing the animal. Representative images of resected primary tumors (c, right panel) and draining lymph nodes (d, top panel)
are shown. Data represent means + s.e.m. One-tailed Student’s t-test with equal variance, *P=0.02, 0.04, **P =0.002, 0.002, left to right in b,
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fluorescence signals of the primary tumors and metastases in the thoracic region of the animals at 37 days after inoculation are shown in bar
graphs. Data represent means +s.e.m. Two-tailed Student’s t-test with equal variance, **P=0.002, *P=0.048. (f) Representative images of
fluorescence-labeled tumors in live animals at the indicated time points are shown. (g) At day 37, mice were killed and the internal organs
were imaged. Top and bottom panels represent data from two independent sets of experiments. The modest tumor growth enhancing effect
of EZH2H689A in f and g could be due to residual enzymatic activity (20-30%) combined with high expression levels. ‘#' indicates neck lymph
node metastases found in all mice that received EZH2ANLS expressing 4T1 cells. Representative images from one of two independent
experiments are shown. n=6 animals per group for experiments shown in e-g.
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EZH2 (Supplementary Figure 4). However, the prominent adhesion
structures in cells expressing inactive or VAV-targeting mutant
EZH2 were less sensitive to EGF-induced disassembly
(Supplementary Figure 4). Moreover, EGFR signaling events, such
as activation of EGFR, AKT, FAK, ERK, and the VAV downstream
effector PAK1 (Supplementary Figures 5a, b), as well as recruit-
ment of VAV2 to EGFR, VAV2 phosphorylation and EGFR
degradation® (Supplementary Figures 5c—e) were not altered in
EZH2 variants expressing mammary epithelial cells. These data
suggest that even though the expression of EZH2 reduced the
formation of prominent adhesion structures, EGF-induced disas-
sembly of focal complexes/adhesions and receptor proximal
signaling are likely to be independent of EZH2.

Interestingly, we repeatedly observed an increased abundance
of cleaved Talin1 rod and head domains in cells expressing wild-
type EZH2 or EZH2ANLS, but not in cells expressing inactive or
VAV interaction mutant EZH2 (Figure 4a). Similar results for EZH2-
promoted Talin1 cleavage were observed in BOSC23 cells
expressing EZH2 variants (Figure 4b). Since our recent study in
innate leukocytes revealed that EZH2-mediated methylation of
Talin1 at lysine residue 2454 regulates cell migration®” and similar
EZH2-promoted Talin1 methylation (Figure 4c), and EZH2-VAV—
Talin1 complexes (Figure 4d) were also observed in mammary
epithelium and breast cancer cells, we hypothesized that EZH2-
mediated Talin1 methylation first interferes with F-actin binding,
then promotes Talin1 cleavage and subsequent disassembly of
adhesion structures. Indeed, when we expressed a mutant Talin1
in which the EZH2-methylated Lys2454 was mutated to an un-
methylatable alanine residue or an un-methylatable, polar
glutamine residue, the binding to F-actin remained the same
(K2454A, Figure 4e, left) or was increased (K2454Q, Figure 4e,
right) and cleavage of these Talin1 mutants in cells was reduced
(Figure 4f). Conversely, the replacement of Talin1-Lys2454 with a
tri-methyl-mimicking phenylalanine residue*® (K2454F) resulted in
decreased F-actin binding (Figure 4e) and enhanced cleavage
(Figure 4f). Moreover, EZH2-promoted Talin cleavage was depen-
dent on the presence of VAV2 (Figure 4q). The effects of EZH2-
mediated Talin1-K2454 methylation on adhesion structures were
further confirmed in H16N2 cells expressing the Talin1-K2454
mutants described above. The expression of Talin1-K2454A or —
K2454Q in H16N2 cells promoted the formation of stable focal and
fibrillar adhesions (Figure 4h and Supplementary Figure 5f) with
extremely slow disassembly rates (Figure 4i and Supplementary
Video 3), whereas expression of Talin1-K2454F resulted in rapid
disassembly of adhesions (Figure 4i and Supplementary Video 4)
and increased numbers of H16N2 cells without visible adhesion
structures (Supplementary Figure 5g). These results suggest that
EZH2-mediated Talin1 methylation promotes Talin1 cleavage and
subsequently leads to disassembly of adhesion structures.

EZH2 lacking its NLS modulates gene expression profiles favoring
tumorigenesis

In order to evaluate the effects of EZH2 mutation on nuclear
histone methylation, we examined the overall H3K27 trimethyla-
tion (H3K27me3) levels in H16N2 cells expressing EZH2 variants.
As expected, the H3K27me3 levels in cells expressing wild-type-
EZH2 or VAV interaction mutant EZH2 were comparable
(Figure 5a), confirming the unaltered histone methylation capacity
of the VAV targeting mutant EZH2 compared to that of wild-type
EZH2, as shown earlier (Figures 1k and ). In contrast, the
H3K27me3 level was reduced in cells expressing EZH2H689A
reflecting the reduced enzymatic activity (Figure 5a). Even though
we showed that deletion of the nuclear localization signal in EZH2
does not affect the interaction of EZH2 with PRC2 core
components, EZH2’s in vitro HMTase activity (Figure 5b,
Supplementary Figure 6, Figure 1k), or the capacity of EZH2 to
methylate cytosolic Talin1 in cells (Figure 4c), we found that
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overexpressed EZH2ANLS in the nucleus (Supplementary
Figure 3b) contributes little to H3K27 methylation (Figure 5a).
This is due to the disrupted interaction of EZH2ANLS and CDYL
(Figure 5¢, top), a co-factor that is required for chromatin targeting
and efficient H3K27 methylation in cells.*’ Consequently, the
recruitment of EZH2ANLS to EZH2 target genes, such as ATF3 or
KDR, was reduced (Figure 5c, middle and bottom panels). The
increased EZH2 levels in the cytosol may have also sequestered
other components of the PRC2 complex in the cytoplasm and
reduced the histone methyltransferase capacity in the nucleus.
However, the distributions of other members of the PRC2
complex, including SUZ12, EED and HDAC1, in the nucleus were
not affected by the expression of any exogenous EZH2 variants
(Figure 5d), but reduced SUZ12 and EED protein levels in EZH2
knockdown cells was observed, as reported previously.****

Interestingly, the expressions of several well-established tran-
scriptional target genes of EZH2 in cancer cells (such as
E-cadherin, RKIP and RAD5T1) were comparable in EZH2 knock-
down cells or cells expressing EZH2 variants (Figure 6a), suggest-
ing that their downregulation in cancer cells is a consequence
rather than a cause for cellular transformation and that their
expressions are not regulated by EZH2 in non-cancerous H16N2
cells when cultured on 2D surfaces. Similarly, when we further
determined the molecular changes that occur in H16N2 cells
expressing EZH2 variants by performing whole-transcriptome
analyses with RNA sequencing (RNA-seq), the overall gene
expression patterns were not much influenced by EZH2 knock-
down, the expression of EZH2 variants, or changes in H3K27me3
levels. There were also only a small number of differentially
expressed genes (DEGs) in EZH2 knockdown cells (MIG) or cells
expressing EZH2H689A or EZH2-VAV/MT, compared to those
observed in wild-type EZH2-overexpressing cells (Supplementary
Figures 7a, b and Supplementary Table S1 source data for
Figure 6). In contrast, EZH2ANLS-expressing cells displayed a very
different gene expression profile (Supplementary Figures 7a, b
and Supplementary Table S1 source data for Figure 6). Using the
ENCODE-motifs online tool to analyze the promoters of DEGs in
EZH2ANLS-expressing cells, we found that EZH2 target genes
were highly enriched among upregulated, DEGs (23%, Figure 6b,
P=23x10""", Fisher's exact test, Figure 6c), which correlates with
the diminished H3K27me3 level in these cells. However, this high
enrichment score was only achieved when we took all EZH2 target
genes from available chromatin immunoprecipitation (ChIP) data
in various cell types into account. If we only considered EZH2
targets in epithelial cells, the enrichment was substantially
reduced (8%, P=0.0006, Fisher's exact test, Figure 6¢, red line).
Taken together, these results suggest that EZH2ANLS-expressing
cells may be losing the molecular signature of epithelial cells.
Moreover, most of these upregulated genes were not de-
repressed in EZH2H689A-expressing cells or EZH2 knockdown
cells (Supplementary Table S1 source data for Figure 6), suggest-
ing that EZH2ANLS may promote their expression through
additional mechanisms other than simply alleviating H3K27-
mediated repression.

Additionally, we found that a remarkably large fraction of DEGs
in EZH2ANLS-expressing cells were highly enriched for STAT3
binding sites in their promoters (26% of upregulated genes,
P=14x10"5% 31% of downregulated genes, P=3.8x10""%
Fisher’s exact test, Figures 6b and c). Since we did not observe
an increase in STAT3 messenger RNA or protein levels
(Supplementary Table S1 source data for Figure 6 and
Figures 7a—c), these results indicate elevated STAT3 activities in
EZH2ANLS-expressing cells. Furthermore, several STAT3 target
genes, including the transcription factors STAT1, STAT2, IRF1 and c-
Fos, were upregulated in EZH2An E-expressing H16N2 cells
(Supplementary Table S1 source data for Figure 6). Therefore,
the expressions of target genes of these transcription factors were
altered and highly enriched among the DEGs as well (31% of
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Figure 3. EZH2 promotes adhesion turnover in a VAV interaction-dependent manner. (a) H16N2 cells were transduced with control virus (MIG)
or retroviruses for the expression of the indicated EZH2 variants and subsequently endogenous EZH2 was knocked down by shRNA. ‘Un’
indicates un-transduced wild-type control cells. Cells were prepared as specified in Supplementary Figure 4. Adhesion structures were
visualized using a specific antibody against Paxillin (red). Phalloidin and DAPI were used to stain F-actin (green) and nuclei (blue), respectively.
Scale bars, 20 pm. Representative images from one of three independent experiments are shown. Quantification of various types of adhesion
structures in these cells is summarized in Supplementary Figure 4. (b) The empirical cumulative distribution function curve (CDF) shows the
direction of the changes in the size of adhesion structures in H16N2 cells expressing EZH2 variants as in a. The adhesion structures were
determined by Paxillin staining. Kolmogorov-Smirnov tests were performed between groups using online software (http://www.wessa.net/
rwasp_Reddy-Moores%20K-S%20Test.wasp). The P-values are all < 0.00001. The graph in the lower panel shows cumulative (cumul.) numbers
of adhesion structures in each group. Representative results from one of the three independent experiments with 60 cells per group are
shown. (c) H16N2 cells expressing EZH2 variants, as in a, were transfected with plasmids to express mCherry-Paxillin and plated on
fibronectin-coated glass slides, then analyzed by time- Iapse live imaging. Half-life values of adhesion assembly and disassembly were
calculated based on mCherry-Paxillin signal, as described.®! Data represent means+sd of 15 adhesions on 4-5 cells per group. Two-tailed
Student’s t-test with equal variance, **P=0.007, ***P= 6.4%x107° 1.4%x1077, 44x10°° (top to bottom). (d) H16N2 cells were left un-
transfected or co-transfected with EZH2 shRNA and empty vector (EV) or vectors to express variants of EZH2-GFP protein. Cell spreading of
GFP positive cells, compared to cells transduced with EV, was quantified. At least three experiments and more than 20 cells were scored for
each group in each experiment. Data represent means +s.e.m. Two-tailed Student’s t-test with equal variance, **P=0.0006, 0.0007, 0.002,
0.0005 (left to right), *P=0.03.

upregulated genes, Fisher's exact test, P=2.9x107% 35% of as BRCAT, XRCC2, NF2, FH and RASSF1, in EZH2ANLS-expressing
downregulated genes, Fisher's exact test, P=55x10"", cells (Supplementary Table S1 source data for Figure 6).

Figures 6b and c). However, the prominent oncogene, MYC, was

downregulated, while several MYC inhibitors, such as Id2, MxiT and EZH2 promotes STAT3 activity and cellular transformation through
Mxd4, were upregulated in cells expressing EZH2ANLS methylation of Talin1

(Supplementary Table S1 source data for Figure 6).° Conse-  The increased activities of STAT family proteins and the reduced
quently, most of the dovl/r;geg.ulated genes are kr?own MYC target expressions of tumor suppressors are associated with cancer cell
genes (73%, P=4.1x10 """, Fisher's exact test, Figures 6b and ). survival and growth®® and are therefore likely to contribute, in

Even though the downregulation of MYC may appear to be  |arge part, to the elevated oncogenic activity of EZH2ANLS. Since
counterintuitive given the elevated oncogenic capacity of  overexpression of EZH2 is reported to activate STAT3 through
EZH2ANLS, the expression of a constitutively active STAT3 mutant methylation,'*** we wondered whether EZH2-mediated STAT3
in mesenchymal stem cells has also been shown to downregulate methylation is dependent on its interaction with VAV. Surprisingly,
MYC.*” Reduced MYC expression may have also directly resulted in we found that EZH2-mediated STAT3 methylation did not show
the observed downregulation of several tumor suppressors, such obvious changes in cells expressing EZH2 variants (Figure 7a, with
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quantification shown in Supplementary Figure 7c), suggesting that
STAT3 methylation is unlikely to play a role in this context. The
residual STAT3 methylation observed in EZH2H689A-expressing
cells is expected (Figure 7a), since STAT3 is also methylatable by
SET9.>° However, phosphorylation of STAT3 on Tyr 705 (pY705) by
JAK2, which is required for STAT3 dimerization and activation, was
increased in cells expressing wild-type EZH2 and substantially

elevated in cells expressing EZH2ANLS, while phosphorylation of
this site was diminished by the disruption of EZH2 interaction with
VAV (Figure 7b and Supplementary Figure 7d). In contrast,
phosphorylation of Ser 727 (pS727) on STAT3 by ERK MAP
kinase®' was not affected by the expression of EZH2 variants
(Figure 7b). Furthermore, VAV interaction was specifically required
for EZH2 or cytosolic EZH2-promoted phosphorylation of Y705,

a o S b & o o c
& W & N o &
0((\ o Q{b &Vé\‘f‘@v ) Q,’l' '\ &Vq&'\:\&v . @V-\‘bb‘
RN Q’,lz@'\/ Q/’LQ/’\/ B S es wxw Talin1-R Q/'lz((, YL by T s . TT*T“-R A 1133'1;23'1?'1'
) EXARA (kpa) F ) (kDa) 2 o = AR
Taim - SRS o, | lhde L S ~ (kDa)
alin1-R” ’ . — = - - - ——
5] £ o Talin1 /R . — 250
Talint.n BB R 50 | o Talin1-H — 2
g o —150 & ° Methyl- , EESE
- Talin1-H EZH2-GFP g sian o~ Talin1-H Talin1 ® <30
EZH2 a8 e —100 g 9 *k :_of ER T
T o] GAPDH swemmmems —37 T | . e g8Tr
GAPDH |Smmamanames 37 o :| ** R ’ —is0
g 5
© o @ o
(14 ['4
RN USRS & QA F 0. 2 ¥ O K
Q) NG N %)
&S SPRES & B i
& @%133:&,1; 'ug(\' 1,}(\- Q,};Z* f ,j‘ N \:l'
P A NS
AT KD AL KD
N N (kDa)
> o )
d » Wf"? . él'}‘v. o 05"\,, € —o- Talin1(2300-2541) K2454 - Talin1(2300-2541) K2454 > @ o= = an | o
[ IR OIAR IO - Talin1(2300-2541) K2454F - Talin1(2300-2541) K2454Q
SO Qo'@zé@oi@%d‘ Talin1(2300-2541) K2454A —— Talin1(2300-2541) K2454F
10% Input 19G IP: Talin1 9 X 604 — 150
(kDa) < <
Talin1} == s “ —250 % ;§ 50 4
©
i T 40 - " —100
w L %
VAV2 smame m-—— 10 2 2 2
—75 (= e
3 3 204 75
* o - 2 2 GFP- | -
EZH2 mmes - w=  —100 - < 104 Talin1-H
£ £ 0. — ¥
< S oA g2] =
0 125 510 0 1255 10 c B
&;19 Actin (M) Actin (uM) TR
o
+ Na
V9 9
9 T O S h DAPI

\
< ’VQ:" Q"v
SFEESS
Talin1-F » ...-: - 250
- —

Talin1-R> &« Talin1
T T *"{ & 50
Talin-He & 0 e o we
VAVZ = o 10
T Talin1-
EZH2 #% = e o o & — K2454A
GAPDH @B amanes o — 57
i e Talin1-
. € ** K2454
£ 25 £ 150 .
é ~
s 20 =
h 2100
=15 .g
& 10 3
@ 2 50 Talin1-
12 @
c 5 3 K2454F
g ©
g O
.Q (7]
g ST 8
¢ ¢ ¢ 2

Oncogene (2017) 1-17

F-Actin GFP-Talin1 Merged

© 2017 Macmillan Publishers Limited, part of Springer Nature.



but was dispensable for IL-6-stimulated STAT3 activation
(Figure 7c), suggesting a cytokine-independent, novel STAT3
activation signaling pathway mediated by cytosolic EZH2.

Since interaction with VAV is also required for EZH2-mediated
Talin methylation, we sought to determine whether the methyla-
tion state of Talin1 could also have an effect on STAT3 activation.
Indeed, expression of the tri-methyl-mimicking Talin1 mutant
(K2454F) was sufficient to stimulate substantial STAT3 phosphor-
ylation (pY705) and activation (Figure 7d and Supplementary
Figures 7e, f). Moreover, EZH2-, EZH2ANLS- and methyl-Talin
mutant-promoted STAT3 phosphorylation was dependent on
JAK2 activity (Figure 7b and Supplementary Figure 7f). Conse-
quently, similar to EZH2 and EZH2ANLS, the methyl-mimicking
Talin1 mutant also significantly promoted cellular transformation
(Figure 7e) that was dependent on JAK/STAT activity (Figure 7f).
Furthermore, the expressions of several key factors that were
upregulated in EZH2ANLS-expressing cells were also upregulated
by methyl-mimicking Talin1 (Figure 7g). Overall, our data suggest
that cytosolic EZH2 contributes to the initiation of cellular
transformation or the formation of cancer stem cells through
VAV-dependent Talin methylation and STAT3 activation.

EZH2 is enriched in the cytoplasm of human breast cancer stem
cells

To validate the physiological relevance of cytosolic EZH2 in
human breast cancer cells, we first sorted MDA-MB-231 human
triple-negative breast cancer cells based on their surface expres-
sion levels of CD44 and their capacity to efflux Rhodamine 123
dye, and then analyzed the sub-cellular distribution of EZH2 in the
sorted cells. We found that EZH2 was significantly enriched in the
cytoplasmic compartment of CD44"'9" Rhodamine 123 negative
cancer stem cells with the side population phenotype (CD44"'sp)
(Figures 8a—c and Supplementary Video 5), whereas cytosolic
EZH2 was largely depleted in CD44°" Rhodamine 123 positive
cells (CD44“°Rd™) (Figures 8a—c and Supplementary Video 6).

Extranuclear function of EZH2 in tumorigenesis
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than CD44'°Rd* cells (Figure 8c). Taken together, our results
suggest a cytosolic role for EZH2 in cellular transformation, likely
through methylation of Talin and the activation of STAT3 in
human breast cancer stem cells. It is also possible that cytosolic
EZH2 contributes to the generation of tumor-initiating cells partly
by amending their adhesion properties.

DISCUSSION

Here, we report that the polycomb group protein, EZH2, promotes
cellular transformation and metastasis through VAV interaction-
dependent mechanisms. While EZH2 lacking its NLS exhibited
much greater transforming capacity than wild-type EZH2, targeted
disruption of EZH2 interaction with VAV abolished both wild-type
EZH2- and EZH2ANLS-promoted cellular transformation. Because
the well-established VAV effector functions are relatively unaf-
fected by the absence of EZH2 or the expression of EZH2 variants,
we believe that VAV is likely acting as an adapter in this context.
We have shown that EZH2-VAV interaction is critical for EZH2’s
recruitment to Talin and subsequent Talin methylation-promoted
adhesion turnover. Furthermore, EZH2-VAV interaction may also
bring JAK2 into close proximity with EZH2-interacting STAT3,
thereby promoting phosphorylation of STAT3. We hypothesize
that both of these VAV interaction-dependent events (adhesion
turnover and STAT3 activation) are critical for EZH2-mediated
tumorigenic signaling (see model in Supplementary Figure 8).
Mechanistically, EZH2 is not involved in the EGF signaling
pathway, a key factor in most epithelial malignancies.>? EGF-
stimulated VAV2 activation and downstream signaling events,
including activation of VAV effectors, were not affected by EZH2
knockdown or overexpression of EZH2 variants. Moreover, even
though cytosolic EZH2-expressing cells possess high oncogenic
capacity, the expression of several well-characterized tumor
suppressors that are repressed by EZH2 in cancer cells were not
regulated by EZH2 in mammary epithelial cells. Instead, our data
suggest that EZH2-VAV2 interaction controls adhesion turnover

Correspondingly, CD44"'SP cells exhibited higher STAT3 activity and cellular transformation through Talin1 methylation and

<

Figure 4. EZH2-mediated Talin1 methylation regulates adhesion dynamics in mammary epithelial cells. (@) Whole-cell extracts of EZH2
knockdown MCF10A cells transduced with control (MIG) or retrovirus to express the indicated EZH2 variants were analyzed by
immunoblotting. GAPDH immunoblot served as a loading control. The expression levels of EZH2 in EZH2 knockdown (MIG) or EZH2 variant-
expressing cells were controlled in Supplementary Figure 5a. Quantifications of Talin1 Rod domain (Talin1-R) were done by setting Talin1 full
length (Talin1-F) plus Talin1-R signal as one and the ratios (Talin1-R/F+R) are shown in the upper bar graph. The relative abundance of head
domain (Talin1-H) normalized to the level of Talin1-F is shown in lower bar graph. The amount of Talin1-H in empty vector (EV) control cells
was set as 1. Data represent means + s.e.m. from three independent experiments. Two-tailed Student’s t-test with equal variance, *P=0.018,
**p =0.006, 0.009, 0.003, ***P=0.0002, 3.3x 10"’ (top to bottom). (b) BOSC23 cells were transfected with EV or plasmids to express the
indicated EZH2 variants. Whole-cell extracts were isolated by lysing the cells directly on the culture plates to avoid any mechanical force-
induced Talin cleavage and analyzed by immunoblotting. Talin1-R and Talin1-H levels were quantified as described in a. Data represent
means + s.e.m. from three independent experiments. Two-tailed Student’s t-test with equal variance, *P=0.01, **P=0.0002, 0.007, 0.003,
**p—=67x10">, 3.8x 107> (top to bottom). (c) Talin1 from BOSC23 cells expressing EZH2 variants was immunoprecipitated and Talin1
methylation was determined by pan-methyl-lysine antibody. (n>3). (d) Talin1 was immunoprecipitated from BOSC23, MDA-MD-231 or
MCF10A cytosolic extracts and the association of EZH2 with VAV2 was determined by immunoblot using specific antibodies. *Background
band detected by EZH2 antibody at ~ 120 kDa. (n> 3). (e) Recombinant Talin1 (2300-2452) containing the C-terminal actin-binding site was
purified and incubated with F-actin. Binding of Talin1 mutants to F-actin was determined using actin-co-sedimentation assays. Data represent
means + s.d. (n = 3). Two-factor ANOVA with replication, ***P=4.9x 10737, 2x 1032 (left to right). (f) N-terminal GFP-fusion proteins of Talin1
variants (methyl-mimicking Talin1-K2454F or unmethylatable Talin1-K2454A or Q) transiently expressed in BOSC23 cells were detected by
immunoblotting with anti-GFP antibody. Rod domain derived from cleaved GFP-Talin1 is indistinguishable from endogenous Rod domain,
and is not detectable by anti-GFP antibody. The bar chart shows the average percentage of cleaved head domain ‘H’ relative to full-length
GFP-Talin1 ‘F’ (n = 3). Data represent means + s.d. Two-tailed Student’s t-test, **P =0.0008, *P =0.03. (g) Wild-type MCF10A cells were either left
untreated or transduced with retrovirus to express wild-type EZH2 (EZH2), cytosolic EZH2 (EZH2ANLS) or VAV interaction mutant EZH2 (EZH2-
VAV/MT). VAV2 knockdown was achieved by additional transduction with VAV2-specific shRNA-expressing lentivirus. Data shown are
representative of two independent experiments. (h) H16N2 cells were transduced with retroviruses to express GFP-Talin1 variants. Adhesion
structures and F-actin were visualized with anti-GFP antibody (green) and phalloidin (red), respectively. Representative images from one of
more than three experiments are shown. Scale bar, 20 pm. Quantification of adhesion structures in H16N2 cells expressing GFP-Talin1 variants
is shown in Supplementary Figures 5f, g. (i) H16N2 cells expressing Talin1 variants were analyzed as in Figure 3c and half-life values of
adhesion assembly and disassembly were calculated based on GFP-Talin1 signal. Data represent means + s.d. of 10-15 adhesions in 4-5 cells
per group. Two-tailed Student’s t-test with equal variance, **P=0.001, **P=5x10""% 2.5x 10”2 (top to bottom) (n>3).
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Figure 5. PRC2 activity and sub-cellular distribution in EZH2 varian

t-expressing H16N2 cells. (@) H3K27me3 levels in H16N2 cells (as in

Figure 2a) were determined by immunoblotting whole-cell extracts. GAPDH served as a loading control. (n=3) (b) EZH2 was
immunoprecipitated from the cytosolic extracts of EZH2 knockdown MCF10A cells reconstituted with EZH2 variants and the association

with SUZ12 and EED was determined by immunoblot analyses. In vi

itro methylation activity of immunoprecipitated EZH2 toward histone

octamers was detected by H3K27me3-specific antibody. The sub-cellular fractionation was controlled in Supplementary Figure 6. (n>3).
(c) The interaction of EZH2 variants with CDYL and recruitment to EZH2 target genes was determined. EZH2 variants were
immunoprecipitated from H16N2 cells to detect their interaction with CDYL (upper panel). Chromatin immunoprecipitation (ChIP) from

cells expressing EZH2 variants was performed using EZH2-specific anti
compared to IgG control, were determined by qPCR. Data represent

body. Enrichments of EZH2 variants on the promoters of ATF3 and KDR,
s means + s.d. of technical triplicates. Representative results from two

independent experiments are shown. Asterisks in b and ¢ indicate IgG controls using cytosolic extracts of EZH2ANLS-expressing cells. (d)
Subcellular distributions of PRC2 components were analyzed by immunoblot analyses of whole cell, cytosolic and nuclear extracts isolated

from H16N2 cells expressing EZH2 variants. Proper sub-cellular fracti
(nucleus) (n=3).

cleavage. In fact, elevated focal adhesion remodeling of cells
in vitro is frequently correlated with elevated migratory rate and
metastatic capacity in vivo. Furthermore, over 90% of all cancers
originate from mutations in epithelial cells,>® therefore, changes in
adhesion properties of these cells are particularly critical for
tumor initiation, progression and metastasis.>*>> In this context,
EZH2 and methylated Talin specifically regulate adhesion turn-
over, but do not affect adhesion formation. These changes in
adhesion properties may also directly contribute to the oncogenic
capacity of epithelial cells by amending their gene expression
patterns.”%>’

Interestingly, aside from altered adhesion properties, STAT3
activity in cytosolic EZH2-expressing cells was also significantly
elevated. Members of the STAT family of proteins are known to
transiently regulate gene expression in response to cytokines and
growth factors. Constitutively, activated STAT3 is also found in
more than 50% of primary breast tumors and tumor-derived cell
lines.>® In addition to the direct contribution of activated STAT3 to
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onation was controlled by blotting for GAPDH (cytosol) and Lamin B

the elevated oncogenic capacity of EZH2ANLS-expressing cells,
subsequent upregulation of STAT1/2 by STAT3 is likely to be
responsible for the increased expressions of various claudins
and MMPs that are associated with heightened metastatic
capabilities.>>®°

Our data also revealed that JAK2 activity was critical for
EZH2- and methyl-mimicking Talin mutant-promoted STAT3
phosphorylation (pY705) and activation. JAK2 has been reported
to interact with VAV1 in myeloid cells®' and may also associate
with VAV2 in epithelium or breast cancer cells to implement EZH2-
promoted STAT3 activation. Indeed, EZH2’s capacity to interact
with VAV was found to be essential for EZH2-, but not IL-6-
promoted STAT3 phosphorylation, suggesting a specific, novel
role for VAV in EZH2-promoted STAT3 activation during cellular
transformation. Interestingly, EZH2-mediated STAT3 methylation is
not dependent on EZH2’s interaction with VAV2. However, the
two reported EZH2-mediated STAT3 methylation sites'** are
likely to fine tune the conformation of STAT3, making it more

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 6.
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(35%)

EZH2ANLS regulates the expression of STAT target genes. (a) Transcript levels of tumor suppressors reported to be regulated by

EZH2 in various cancer cells were determined by RT-qPCR and normalized against GAPDH. Data represent means + s.d. of three independent
experiments with technical triplicates. (b, c) The differentially expressed genes between EZH2ANLS- and wild-type EZH2-overexpressing cells
identified in RNA-seq experiments (full RNA-seq data sets are shown in Supplementary Figures 7a, b and Supplementary Table S1 source data
for Figure 6) were analyzed to show the numbers (b) or enrichment P-values (c) of regulated genes that are targets of the indicated
transcriptional regulators. Transcription factor binding sites within the potential transcriptional regulatory region (2 kb upstream and 0.5 kb
downstream of the transcriptional start site) were determined using the ENCODE online tool (http://encodeproject.org/ENCODE/). Venn
diagram in b shows the numbers of overlapping target genes of EZH2, MYC, STAT3 (direct), and the target genes of proteins upregulated by
STAT3 (STAT1, STAT2, c-Fos and IRF1). Red bar in c indicates the enrichment P-value of the differentially expressed EZH2 target genes among
reported epithelial EZH2 targets. Target gene enrichment was determined using the Fisher’s exact test (assuming all protein coding
genes =20 274). Detailed gene lists used for b, ¢ are shown in the Supplementary Table S1 source file for Figure 6 and the raw data from the
RNA-seq experiments that have been deposited to an online data base (ArrayExpress website). For reviewer’s access see Materials and

methods section.

accessible for phosphorylation and final activation, as demon-
strated by reduced STAT3 (pY705) in EZH2H689A-expressing cells.
Overall, elevated STAT3 signaling is likely to be critical for the
enhanced transforming capacity of EZH2 and cytosolic EZH2 in
our experimental setting.

In addition, genes implicated in promoting epithelial-mesench-
ymal transition or those expressed in cancer stem cells, such as
CD44, various ALDHs, KLF8, S1PR1, Bmil, CCL5, ZEB2 and SNAI1
were upregulated in cells expressing EZH2ANLS. We also found
that cytoplasmic EZH2 was enriched in human breast cancer stem
cells. Consistent with our results, abundant EZH2 in the cytosol has
been reported to associate with primary human glioma stem-like
cells.>? Collectively, cytosolic EZH2-promoted adhesion turnover
through Talin1T methylation and STAT3 activation may promote
the initiation of epithelial-mesenchymal transition and cancer
stem cell formation before the establishment of oncogenic
transcriptional programs by nuclear EZH2.

The enormous effort that has been put into developing EZH2-
specific methyltransferase inhibitors as anticancer drugs, inclu-
ding DZNep,”® GSK126™" © and the specific compound,
EPZ005687"" 9, have yielded promising results in laboratory or

© 2017 Macmillan Publishers Limited, part of Springer Nature.

pre-clinical settings®®%”

and other epigenetic regulators are currently in clinical trials.
However, the clinical application of these drugs should be tested
with caution. Our previous studies have shown that EZH2 plays
indisputable roles in lymphocyte development and function,?*”°
and several studies also reveal that EZH2 is crucial for the
maintenance of various somatic stem cells including skin, muscle,
hematopoietic and neural stem cells.2%”'~7* Additionally, tumor
suppressor and methyltransferase-independent functions of EZH2
in tumorigenesis have been suggested recently.”'®"'® Prolonged
EZH2 depletion has also been recently reported to lead to an
epigenetic switch in cancer cells that results in enhanced tumor
progression.”® Similarly, deletion of £zh2 gene in mice could result
in genome instability making Ezh2-deficient cells more susceptible
for other oncogene-induced tumorigenesis.”® Moreover, treat-
ment with an EZH2 inhibitor, such as DZNep or GSK126, has been
proven ineffective on glioma stem-like cells® and has been shown
to restrict anti-tumor immunity of cytotoxic T cells.”” For these
reasons, EZH2-specific methyltransferase inhibitor-based cancer
treatments may not be the best strategy to combat EZH2-
associated cancers.

and several specific drugs targeting EZH2
68,69
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In summary, the data reported here demonstrate that the
polycomb group protein, EZH2, in addition to its well-
established roles in epigenetic silencing of tumor
suppressors,”®78° also controls cellular transformation and tumor

growth through VAV interaction-dependent Talin1 methylation.
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Nuclear functions of EZH2 are frequently involved in regulating
basic cell survival and proliferation, whereas cytosolic pathways
are more specific for fine tuning protein functions in certain
physiological or pathological contexts. By targeting the
extra-nuclear functions of EZH2 through the disruption of the
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Figure 7. EZH2-mediated Talin1 methylation promotes STAT3 activation and cellular transformation. (a) STAT3 immunoprecipitated from
H16N2 cells-expressing EZH2 variants (as in Figure 2a) was analyzed for methylation by pan-methyl-lysine antibody. Endo-EZH2-KD denotes
knockdown of endogenous EZH2. Numbers below the Me-STAT3 immunoblot indicate the relative fold change after normalization to the
immunoprecipitated STAT3 amounts. The abundance of Me-STAT3 in H16N2 cells was set as 1. Further quantifications are shown in
Supplementary Figure 7c (n =3 or 4). (b) Immunoblots for phospho-STAT3 in extracts of H16N2 cells expressing EZH2 variants (treated with or
without JAK2 inhibitor Il SD-1029). The bar chart below the immunoblots shows the amounts of STAT3 pY705 in the indicated cells compared
to the amounts observed in EZH2-expressing control cells after normalization to total STAT3. ND, not determined. Data represent means + s.e.
m. Two-tailed Student’s t-test with equal variance, **P=0.0018, 0.0033, 0.0012 (top to bottom), n=3. (c) Wild-type (MCF10A) or endogenous
EZH2 knockdown MCF10A cells transduced with control virus (MIG) or retrovirus to express the indicated EZH2 variants were stimulated with
or without IL-6 for 30 min. Whole-cell extracts were subjected to immunoblotting with antibodies against STAT3 pY705 and total STAT3 (pY99).
GAPDH served as a loading control. Data shown are representative of three independent experiments. (d) Immunoblots for phospho-STAT3 in
extracts of H16N2 cells expressing Talin1 variants. The bar chart below the immunoblots shows the amounts of STAT3 pY705 in the indicated
cells compared to the amounts observed in Talin1 expressing control cells after normalization to total STAT3. *P=0.04, n=4. (e) H16N2 cells
overexpressing Talin1 variants were analyzed for anchorage-independent cell growth as in Figure 2a, except that the colonies were also
scored according to their size. Black: >60 000 pm?, light gray: 10 000-60 000 pm?, dark gray: 4000-10 000 um?. Data represent means + s.d.
(n=3). Two-tailed Student’s t-test with equal variance, *P=0.03, ***P=0.0001, 0.00004, (top to bottom). (f) EZH2 knockdown H16N2 cells
transduced with retrovirus to express the indicated EZH2 variants (EZH2, EZH2ANLS) or wild-type H16N2 cells un-transduced (H16N2) or
transduced to express Talin1 variants (Talin1, Talin1-K2454F) were tested for anchorage-independent cell growth. Cells were grown in medium
untreated (un) or containing 200 pm of STAT3 inhibitor (S31-201) for 24 h before culture in soft agar. Data represent means +s.d. (n =3, three
independent experiments with technical triplicates). Two-tailed Student’s t-test with equal variance, *P=0.03, **P=0.0004, 0.0003, 0.0002,
0.01, ***P=0.000097, 0.00004 (top to bottom). (g) Gene expression profiles of selected genes in H16N2 cells expressing EZH2 (blue shades) or
Talin1 variants (green shades). The expression levels of exogenous EZH2 variants (Exo EZH2), Talin1 variants (GFP-Talin1) and indicated genes
were measured by RT-qPCR or mean fluorescence intensity (MFI) of FACS analysis (Talin1 variants). Data represent means + s.d. (n = 3). Two-
tailed Student’s t-test with equal variance, *P=0.02, 0.02, 0.03, 0.04, **P=0.01, 0.0005, ***P =0.00006 (top, left to right). *P=0.02, **P=0.0007,
0.0005, 0.007, 0.003, 0.004, ***P =0.00004 (bottom, left to right).
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Figure 8. EZH2 is enriched in the cytoplasm of cancer stem cells. MDA-MB-231 cells were analyzed based on their surface expression levels of
CD44 (high or low) and their ability to efflux Rhodamine 123 dye. CD44 high and Rhodamine 123 negative cells were defined as cancer stem
cells with the side population (SP) phenotype (CD44SP). CD44™SP and CD44 low Rhodamine positive (CD44°Rd™) cells were also sorted
from cultured MDA-MB-231 cells. EZH2 in the cells was visualized by immunofluorescent staining with specific antibody. (a) Representative 3D
reconstructed z-stack confocal microscopy images from two independent experiments are shown. Scale bars, 10 pm. (b) Percentage of EZH2
in the cytoplasm was quantified based on the immunofluorescent signal of EZH2. Data represent means +s.e.m. (n>30 pooled from two
independent experiments). ***P=1.1x 10~ "°. (c) Subcellular distributions of EZH2 and STAT3 (phosphorylated and total) were analyzed by
immunoblot analyses of whole cell, cytosolic and nuclear extracts isolated from different subpopulations of MDA-MB-231 cells. Proper sub-
cellular fractionation was controlled by blotting for GAPDH (cytosol) and Lamin B (nucleus).

EZH2-VAV interaction, we may be able to effectively control
cancer progression without eliciting serious resistance. In
the clinical setting, disruption of EZH2 interaction with VAV
in circulating and disseminated tumor cells may result in
migratory arrest of the tumor cells, similar to results observed
in Ezh2-deficient leukocytes, by forming abnormally stable
adhesions with the microvascular wall*’ and rendering them

© 2017 Macmillan Publishers Limited, part of Springer Nature.

unable to transmigrate into interstitial tissues and establish
metastases. Thus, our findings not only identify a unique
regulatory role of EZH2 in tumorigenesis, but also provide
a mechanistic basis for developing novel therapeutic interven-
tion strategies in the treatment of human cancers associated
with EZH2 overexpression or drug resistant stem-like
tumor cells.
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MATERIALS AND METHODS

Recombinant protein production

VAV;_172 was cloned into PGEX-4T and EZH2,p,_55, was cloned into
pET-21b. The VAV1 fragment was derived from human complementary
DNA (cDNA). The EZH2 fragment was derived from mouse cDNA, however,
the amino-acid sequence of the relevant domain is highly conserved
between human and mouse. They were grown and expressed in BL21
(DE3) cells to an ODggq of 0.6 at 37 °C and induced with 1T mM IPTG for 3 h.
GST-VAV was purified using Glutathione Sepharose beads and EZH2-His
was purified using His-Pur Cobalt resin. Individual mutations in EZH2,41_555
were created using the Stratagene Quik change site-directed mutagenesis
using primers as described and were then purified.

Cell culture and plasmids

HEK-293 cells used for expression of full-length EZH2 were cultured in
DMEM supplemented with 10% FCS. Jurkat T-cells were grown in RPMI
medium containing 10% fetal calf serum (FCS) and were used for
immunoprecipitation of endogenous VAV1. H16N2 and MCF10A mammary
epithelial cells lines were grown in supplemented F-12 or DMEM media.
Cells were transfected with MSCV-IRES-GFP (MIG) vector-based retroviruses
encoding EZH2, EZH2 lacking its nuclear localization signal-RKKKRK
(EZH2ANLS), enzymatically inactive EZH2 (EZH2H689A) or the EZH2-VAV
interaction mutant (EZH2-VAV/MT or EZH2-VAV/MTANLS). Cells were
sorted based on their expression of GFP by FACS-ARIA. Endogenous EZH2
was knocked down using shRNA against EZH2 (V2LHS_17509, Open
Biosystems, Huntsville, AL, USA) and selected with puromycin (1 pg/ml).
The shRNA target nucleotides on EZH2 cDNA were mutated (1910-5
tctcagaatactgtggggacatgatttctcaggatgaagcag 3’1951, bold underlined
letters are mutated.). MDA-MB-231 cells for mammary tumor xenografts
were grown in DMEM supplemented with 7.5% FCS. Cells expressing EZH2
or variants (as described) were obtained using retrovirus-mediated
expression (as described) followed by cell sorting based on their GFP
expression using FACS-ARIA.

Immunoprecipitation

EZH2-HIS,01_25> and EZH2 with individual mutations were immobilized on
the His-Pur Cobalt resin and allowed to interact overnight with GST-VAV,;_;7,
or GST alone (control) in phosphate-buffered saline (PBS) buffer pH 7.4.
Following this, the beads were extensively washed and subject to sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and
western blot analysis using anti-His (h-3) and anti-GST (B-14) antibodies
from Santa Cruz (Santa Cruz, CA, USA) to analyze the EZH2-VAV complex.
To determine the interaction between full-length EZH2 and VAV, VAV1
protein was immunoprecipitated from the cytosolic fraction of Jurkat cells
with a-VAV1 (C14) antibody from Santa Cruz and immobilized on Protein G
Sepharose. Similarly, Flag-tagged EZH2 WT or EZH2 with individual
mutations were immunoprecipitated from HEK-293 cells with a-Flag (M2)
antibody from Sigma (Sigma-Aldrich, St Louis, MO, USA) and Protein G
Sepharose beads. They were then eluted from the beads by using a
competing FLAG peptide. Equal quantities of the WT EZH2 or EZH2 with
individual mutations were incubated overnight with VAV1 in a BC-100
buffer. The beads were then extensively washed and analyzed by western
blotting with a-EZH2 (N-20) antibodies from Santa Cruz and VAV-specific
antibodies.

Immunoblotting and antibodies

Immunoblotting was performed according to standard protocols with the
following antibodies; EZH2 (D2C9, Cell Signaling, Boston, MA, USA), EED
(AA19, Millipore, Darmstadt, Germany), SUZ12 (Ab12073, Abcam,
Cambridge, UK), CDYL (ab5188, Abcam), Actin (C-11, Santa Cruz), VAV2
(EP1067Y, Abcam), VAV pY174 (sc-16408-R, Santa Cruz), H3 (ab1791,
Abcam), H3k27me3 (07-449, Abcam), STAT3 (F2, Santa Cruz), STAT3 pY705
(D3A7, Cell Signaling), STAT3 pS727 (ab30647, Abcam), EGFR (sc-03-G,
Santa Cruz), EGFR pY1173 (sc-12351-R, Santa Cruz), AKT1/2 (N-19, Santa
Cruz), AKT pS473 (193H12, Cell Signaling), Tubulin (AA13, Santa Cruz),
LaminB (C-20, Santa Cruz), Talin1, N-terminal (TA205, Millipore), Talin1 (also
used for IP, 8d4, Santa Cruz), Talin1 pS425 (5426S, Cell Signaling), FAK
(2601P, Cell Signaling), FAK pY397 (3283S, Cell Signaling), FAK pY925
(32845, Cell Signaling), FAK pY576/577 (3281S, Cell Signaling), GAPDH (6C5,
Ambion, Austin, TX, USA), pan-methyl-lysine (ab3715, Abcam), Src (32G6,
Cell Signaling), Src pY416 (D49G4, Cell Signaling), Src pY527 (2105P, Cell
Signaling), ERK (137F5, Cell Signaling), ERK1/2 pT202/Y204 (D13.14.4E, Cell
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Signaling), Paxillin pY-118 (2541S, Cell Signaling), PAK1/2/3 (2604P, Cell
Signaling), PAK1 pS144 (2606P, Cell Signaling), FACS antibodies; human
CD44 (IM7, Biolegend, San Diego, CA, USA), CD24 (M1/69, Biolegend).

Surface plasmon resonance

Quantitative analysis of the EZH2-VAV interaction using VAV1,_;;, and
mutant forms of EZH2,4,_,5, was performed using BIACORE 3000. A 4000
RU anti-GST surface was prepared on a standard CM5 sensor chip (GE
Healthcare, Chicago, IL, USA) by amine-coupling anti-GST antibody (GST
Capture Kit, GE Healthcare) on all four flow cells. Subsequent interaction
assays were performed by capturing ~2700 RU of GST-VAV1,_;,,
(equivalent GST on separate flow cell as control) using a buffer of 10 mm
PBS, 137 mm NaCl, 2.7 mm KCl, pH 7.4 at 25 °C. A typical cycle of interaction
comprises: (1) stabilization in running buffer, (2) capturing of ligand, (3)
stabilization after ligand capture, (4) interaction with analytes, (5)
dissociation of analytes and (6) regeneration of surface with 1:10
phosphoric acid. Several concentrations (32 nw/16.7 um) of EZH2-HIS and
its mutants were injected across control and GST-VAV1-captured surface
for 2 min at a flow rate of 30 pl/min. The equilibrium response for each
EZH2-HIS concentration was converted to surface ligand occupancy by
dividing Rnax- These occupancy responses were plotted against the log
concentration of EZH2-HIS as standard dose-response curves and a
steady-state model was used to fit the points. The affinity constants were
interpolated from 50% occupancy.

In vitro methyltransferase assay

Full-length wild-type EZH2 or EZH2 with the individual mutations were
incubated with recombinant histone octamer (0.2 ug) using S-adenosyl-I-
[methyl->H] methionine (*H]-SAM) or cold SAM as the methyl donor.
The reaction was carried out in methylation buffer (50 mm Tris, pH 8.0)
containing 0.5mm DTT, 7.6 um (15 pci) of SAM at 30°C for 1h. The
reaction was stopped by addition of 2x SDS gel loading buffer
followed by SDS-PAGE. The gel was either stained with Coomassie Blue
Brilliant and enhanced by EN3HANCE (PerkinElmer Life Sciences, Boston,
MA, USA) for X-ray film exposure or transferred to a PVDF membrane
(Millipore) and probed with anti-H3K27me3 or anti-pan-methyl-lysine
antibodies.

Immunofluorescence staining

Immunofluorescence staining was performed according to standard
protocols. H16N2 cells stably expressing different forms of EZH2, as
described, were plated on glass slides at a concentration of 3.0 x 10° per
well. Cells were starved of EGF for 3 days and then stimulated with EGF
(30 ng/ml) for 12 h. They were then fixed with 2% paraformaldehyde for
30 min and permeabilized with 0.1% Triton X-100 for 2 min, washed and
stained for F-actin with fluorescein isothiocyanate- or rhodamine red-
conjugated or Alexa Fluor 647 Phalloidin (Molecular Probes/Thermo Fisher,
Waltham, MA, USA). Slides were blocked with 10% normal donkey serum
for 1 h, then stained with anti-Paxillin (05-417PC12-305, Millipore) or anti-
GFP (ab290, Abcam) antibodies in PBS/bovine serum albumin (BSA) at 4 °C
overnight and then incubated with anti-mouse Rhodamine secondary
antibody or anti-rabbit FITC (Jackson ImmunoResearch, West Grove, PA,
USA) antibody in PBS/BSA at room temperature for 1 h. Slides were then
mounted with DAPI (Invitrogen, Carlsbad, CA, USA) containing mounting
medium (lbidi GmbH, Munich, Germany) and observed using a x60
objective by immunofluorescence microscopy.

Live cell imaging for adhesion assembly and disassembly

Live cell imaging was performed using an inverted epifluorescent
microscope Eclipse Ti microscope (Nikon, Shinagawa, Japan) at x 100
magnification. Images of live cells were recorded at a time-lapse interval of
2 min over a period of 1-2 h using an ORCA-Flash 4.0 camera (Hamatsu,
Shizuoka, Japan) with the MetaMorph Imaging System 7.8 (Molecular
Devices, Sunnyvale, CA, USA). Time-lapse images were reconstructed as
image stacks (MetaMorph/Molecular Devices, Sunnyvale, CA, USA). The
background and photobleaching-corrected integrated fluorescence inten-
sities in individual adhesion based on mCherry-Paxillin or GFP-Talin1 were
determined manually using the ‘integrated density’ measurement function
of Image J software (NIH, Bethesda, MD, USA). Focal complexes and focal
adhesions with a size between 0.2 and 19 um? were scored. Integrated
fluorescence intensities were plotted against time. A linear trendline fitted
to the data was used to identify the period of linear assembly or
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disassembly of the adhesions. The rate constants of assembly (k,) and

disassembly (kq) were calculated using the equations: k, = —I("r(i/:g; and

kg = —'(”tf]’i/t')), where / is the intensity of the adhesion at a given time point
and Iy is the initial intensity of the adhesion. Rate constants were used to
calculate half-life (t;,) values for adhesion assembly and disassembly using

the equation: t;, = kl:cf/()d'

Anchorage-independent cell growth assay

Anchorage-independent growth of H16N2 cells stably expressing various
forms of EZH2 was tested in 24-well culture plates. About 200 pl of F12
culture medium with 0.6% soft agar was first plated into each well of a 24-
well plate. After the solidification of agar, each well received another 1 ml
of 0.4% agar in culture medium containing 15 000 cells. After 25-30 days,
colonies were fixed and stained with 0.1% crystal violet. The number of
colonies from triplicate wells for each cell line was determined using Image
J software (NIH).

Mammary tumor models

Inguinal mammary fat pads of 6-week-old female NOD-SCID mice or BALB/
¢ mice were inoculated with 7x 10° of MDA-MB-231 cells or 1x10° of
EZH2 knockdown 4T1 cells expressing different forms of EZH2 variants.
Tumor growth was monitored at the indicated time points by measuring
tumor dimensions (length and width) using Vernier calipers or fluores-
cence intensity using IVIS Spectrum CT (PerkinElmer) 24 h after i.v.
injection of 2-DG750 (10 nmoles/100 pl). To estimate the tumor volume
measured by Vernier calipers, we assumed the tumor shape was a cylinder
and calculated the volume of the cylinder by multiplying the ellipse area
by the estimated depth (we took whichever was larger between width and
length as depth). The actual depth and tumor volume cannot be measured
in live animals using this method. At the end of the experimental period,
mice were killed, tumors and other organs were resected, and either
weighed and fixed with 10% paraformaldehyde for tissue sectioning or the
fluorescence intensity was measured by IVIS Spectrum CT. All mice were
bred and maintained under specific pathogen-free conditions at the
animal facility of the School of Biological Sciences, Nanyang Technological
University. All mouse protocols were conducted in accordance with the
guidelines of the NTU Institutional Animal Care and Use Committee
(IACUQ).

RNA-seq

EZH2 knockdown H16N2 cells transduced with control (MIG) or retrovirus
to express the indicated EZH2 variants were seeded in six-well plates for
48 h. RNA from these cells was isolated using the QlAshredder (Qiagen,
Hilden, Germany) and RNeasy (Qiagen) kits. The total RNA quality and RIN
value was confirmed with a 2100 Bioanalyzer (Agilent, Santa Clara, CA,
USA) using RNA 6000 Nano chip (Agilent). Library preparation was done
using the lllumina TruSeq Stranded messenger RNA LT Sample Prep Kit, by
following the manufacturer’s protocol. Each sample was linearized,
denatured and loaded into two lanes of Single-Read flowcell using the
lllumina cBOT. The cDNAs were attached to the flowcell surfaces and
amplified to clusters and attached with sequencing primers. The flowcell
was then loaded into the lllumina HiSeq2000 Sequencer with the lllumina
HiSeq SBS Kit and run at 1x 101 cycles, generating Single-Read 100 base-
pair reads. The images were captured by the HiSeq Control Software (HCS,
lllumina, San Diego, CA, USA), and the Real Time Analysis (RTA, lllumina,
San Diego, CA, USA) software converted the images into Cycle Intensity
Files (CIF) and, subsequently, Basecall (bcl) files. RNA-Seq data were
mapped against the human genome version hg19 with TopHat2, using the
GENCODE Release 19 version of gene annotations. Fragments per kilobase
million values were extracted for the RNA-Seq analysis. Reads were
counted using the R package GenomicAlignments (mode = ‘Union’, inter.
feature =FALSE), only primary read alignments were retained. DEGs were
identified using DESeq_2. The DEGs for the four conditions (MIG, EZH2ANLS,
EZH2H689A and EZH2-VAV/MT) were calculated in comparison
to EZH2. If the log2-fold change of a gene was higher than 0 and its
adjusted P-value was smaller than 0.05, the gene was highlighted as
upregulated. If the log2-fold change of a gene was smaller than 0 and its
adjusted P-value was smaller than 0.05, the gene was highlighted as
downregulated. The heatmap was created by using ggplot2_1.0.0
(for detailed references, see Supplementary Experimental Procedures).
Normalized fragments per kilobase million values of these significantly
expressed genes were shown as a heatmap in Figure 6a. The data were
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normalized such that the sum of the expression estimates of each gene
was 1 (relative expression) and the normalized fragments per kilobase
million value from the EZH2 sample was subtracted from the other
samples in order to show the EZH2 sample as the baseline. Functional
ontology analysis of DEGs (more than 0.3 of log2-fold increase or decrease
and P <0.05 relative to results obtained in wild-type EZH2-expressing
cells) in cytosolic EZH2-expressing cells were classified using the DAVID
Bioinformatics Resources online functional annotation tool (http://david.
abcc.ncifcrf.gov/summary.jsp), then grouped by functional categories (see
corresponding Supplementary Table S1 source data file for Figure 6).

Real-time PCR

RNA was extracted from H16N2 cells, as above, and subsequently
converted to ¢cDNA using the SuperScript Ill First-Strand Synthesis Kit
(Invitrogen) with random hexamers as primers. The cDNA abundance was
analyzed by SYBR green real-time PCR with respective primers using the
StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA). GAPDH was used as a reference gene. Fold change was calculated
using the formula2 =4, where AACt = ACt sample—ACt reference sample
and ACt=Ct target gene—Ct reference gene. The following primer
sequences were used for each gene:
STAT1: 5'-CAGCTTGACTCAAAATTCCTGGA-3', 5-TGAAGATTACGCTTGCTT
TTCCT-3'
STAT2: 5'-CCAGCTTTACTCGCACAGC-3', 5'-AGCCTTGGAATCATCACTCCC-3’
STAT3: 5'-ACCAGCAGTATAGCCGCTTC-3, 5-GCCACAATCCGGGCAATCT-3'
IRF1: 5-ATGCCCATCACTCGGATGC-3', 5'-CCCTGCTTTGTATCGGCCTG-3'
c-Fos: 5-GGGGCAAGGTGGAACAGTTAT-3', 5-CCGCTTGGAGTGTATCAGTCA-3
MMP7: 5-GAGTGAGCTACAGTGGGAACA-3', 5'-CTATGACGCGGGAGTTTA

ACAT-3'

MMP13: 5-TCCTGATGTGGGTGAATACAATG-3', 5'-GCCATCGTGAAGTCTG
GTAAAAT-3'

TMPRSS15: 5-GCCAGTGGATCATACGTGTAAA-3', 5'-GTGCCAGGATTAGTT
TCCCAAAT-3'

IF127: 5'-GTGGACGTTCGGGAGCTAC-3', 5-ACTGGCCGATTTGGCACAG-3’
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