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Smad3 and EZH2 constitute a regulatory switch that
controls neuroretinal epithelial cell fate specification
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ABSTRACT: Cell differentiation is directed by extracellular cues and intrinsic epigenetic modifications, which control
chromatin organization and transcriptional activation. Central to this process is PRC2, which modulates the di- and
trimethylation of lysine 27 on histone 3; however, little is known concerning the direction of PRC2 to specific loci.
Here, we have investigated the physical interactome of EZH2, the enzymatic core of PRC2, during retinoic acid-
mediated differentiation of neuroepithelial, pluripotent NT2 cells and the dedifferentiation of neuroretinal epithelial
ARPE19 cells in response to TGF-3. We identified Smad3 as an EZH2 interactor in both contexts. Co-occupation of the
CDH1 promoter by Smad3 and EZH2 and the cooperative, functional nature of the interaction were established. We
propose that the interaction between Smad3 and EZH2 targets the core polycomb assembly to defined regions of the
genome to regulate transcriptional repression and forms a molecular switch that controls promoter access through
epigenetic mechanisms leading to gene silencing.—Andrews, D., Oliviero, G., De Chiara, L., Watson, A., Rochford, E.,
Wynne, K., Kennedy, C., Clerkin, S., Doyle, B., Godson, C., Connell, P., O'Brien, C., Cagney, G., Crean, J. Unravelling
the transcriptional responses of TGF-f3: Smad3 and EZH2 constitute a regulatory switch that controls neuroretinal

epithelial cell fate specification. FASEB J. 33, 6667-6681 (2019). www.fasebj.org
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TGEF-B is widely accepted to play a key pathogenic role in
many disease processes (1). In epithelial cells, TGF-§ can
induce partial or full transdifferentiation into mesenchy-
mal cells through the process of epithelial-to-mesenchymal
transition (EMT). This was first demonstrated during em-
bryonic development and subsequently received a huge
amount of interest in diverse disease processes including
cancer, cardiovascular disease, and diabetes. [For a review,

ABBREVIATIONS: ChIP-seq, chromatin immunoprecipitation sequencing;
dsRNA, double-stranded RNA; DZnep, 3-deazaneplanocin A; EMT,
epithelial-to-mesenchymal transition; ESC, embryonic stem cell; esiRNA,
endoribonuclease-prepared siRNA; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GFP, green fluorescent protein; H3, histone 3; iBAQ,
intensity-based absolute quantification; miR302, microRNA 302; PcG,
polycomb group; siRNA, small interfering RNA
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see ref. (2)]. Significant efforts have been made to target
TGEF-B for the treatment of many diseases, with little suc-
cess to date. At the core of this issue remains a fundamental
gap in our knowledge of how TGF- signaling regulates
gene expression. Potential new approaches are emerging
from recent studies examining the role of TGF-B during
embryonic development, coupled with the identification of
similar, parallel processes in adult tissues (3, 4). TGF-B acts
mainly though the activation of Smad2 and Smad3 tran-
scription factors (5), and these recent studies revealed that
Smad-mediated transcriptional responses are regulated by
master transcription factors in embryonic stem cells (ESCs)
and interact with the general chromatin machinery. Novel
interactions between Smads, transcriptional repressors and
activators, and chromatin-modifying complexes such as
the polycomb group (PcG) proteins are proposed to regu-
late the balance between self-renewal and specification.
Therefore, a combination of DNA sequence, chromatin
environment, cellular context, and signaling dictate ge-
nome wide events. [For a review, see ref. (6)]. However,
little is known about the molecular mechanisms by which
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signaling pathways direct epigenetic changes of genes re-
sponsible for differentiation, in particular, the role that
histone modifications may play in this process.

Epigenetic mechanisms that regulate access to the ge-
netic material via histone methylation are critical for de-
termining gene expression during fate specification and
embryonic development. Specifically, methylation of ly-
sine 27 of histone 3 (H3) (H3K27me3) by the enzymatic
components of PRC2, EZH1, and EZH2 (7, 8) leads to a
transcriptionally repressive state, which can be reversed
by the action of Jumonji C domain—containing histone
demethylases. Indeed, the balance between methyltransfer-
ase and demethylase activity is widely accepted to
regulate repression and derepression of many key de-
velopmental promoters. In bivalent promoters marked
with both repressive (H3K27me3) and active (H3K4me3)
histone post-translational modifications (9), PcG com-
plexes hold the poised RNA polymerase II at transcrip-
tional start sites, thereby inhibiting its release (10). In
addition, PcG complexes can compact chromatin, thereby
blocking the accessibility of chromatin-remodeling ma-
chinery, which is required during transcription activation.
In the context of TGF-B signaling, the cooperative binding
of Smad3 and JMJD3 has been shown to control many
aspects of neural specification (11); however, little is
known about how the polycomb repressive complex can
be targeted to cis-regulatory elements to facilitate re-
pression. It has been proposed that transient interactions
with transcription factors can mediate the recruitment
of polycomb repressive complexes to DNA-specific se-
quences. Notably, Smad3 was recently shown to interact
with the histone lysine methyltransferase SETDB1 to
regulate the epitranscriptome during fate specification
(12) and in response to TGF-B (13).

We recently demonstrated that silencing of the TGF-$
type II receptor promotes the acquisition of plasticity,
suggesting that TGF-B signaling to chromatin plays a
critical role in determining cell fate decisions in adult cells
(14-16). Here we demonstrate, for the first time, an in-
teraction between Smad3 and EZH2, the enzymatic com-
ponent of the PRC2 complex, during neuroepithelial cell
differentiation and TGF-B mediated neuroepithelial de-
differentiation, and we elaborate on possible functional
roles of this complex. We hypothesize that this complex
targets the core polycomb assembly to defined genomic
regions, regulating transcriptional repression and forming
a molecular switch that controls promoter access through
epigenetic mechanisms leading to gene silencing.

MATERIALS AND METHODS

Cell culture and differentiation of NT2 and retinal
pigment epithelium cells

Human retinal pigment epithelial cells, ARPE19 (CRL-2302;
American Type Culture Collection, Manassas, VA, USA) were
cultured in DMEM F12 Hams (MilliporeSigma, Burlington, MA,
USA) supplemented with 10% (v/v) fetal bovine serum, 2 mM
L-glutamine, and 100 U/ml of penicillin per one milligram
per milliliter streptomycin (all from Thermo Fisher Scientific,
Waltham, MA, USA). Cells were maintained in a humidified 5%
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CO,, 37°C atm. To induce epithelial dedifferentiation, cells were
growth arrested for 24 h in restriction medium of DMEM-F12
Hams containing 100 U/ml penicillin, 100 pm/ml streptomycin,
and 2 mM L-glutamine only. Human recombinant TGF-8, (Pro-
moCell, Heidelberg, Germany) was added to the medium at a
final concentration of 5 ng/ml for 24-72 h. NT2/D1 cells (CRL-
1973; American Type Culture Collection) were cultured and
differentiated as previously described (17).

Viral transduction of ARPE19 cells

For viral transduction, cells were seeded at a density of 5 X 10*
cells per well in a 6-well plate. The following day, the cells were
transduced with a polycistronic lentiviral vector encoding all 4
members of the microRNA 302 (miR302) family as well as green
fluorescent protein (GFP) (miR302a, -b, -¢, and -d) (Systems
Biosciences, Palo Alto, CA, USA) or a control virus containing a
scrambled sequence (pGIPZ) (Thermo Fisher Scientific). Non-
transduced cells were maintained in parallel as a control. The
medium was changed every 2 d. For TGF-B treatment experi-
ments, cells were serum starved on d 6 post-transduction as
outlined above, followed by treatment with TGF- on d 7 at the
appropriate time points. For long-time course experiments, cells
were reseeded on d 7 and 14 at a ratio of 1:5 to 1:7. Both the
miR302 vector and the scrambled pGIPZ contain a GFP reporter
gene under the control of the same promoter as the insert of
interest; therefore, successful transduction was verified by ex-
amining the percentage of GFP-positive cells.

Plasmids and transfection

Plasmid constructs pCMVHA EZH2 (24230), pRK5F Smad3
(12625), and pro-E-cad670-Luc (42083) were from the Addgene
plasmid repository (Watertown, MA, USA). Transient transfec-
tions were carried out using Fugene HD transfection reagent
(Promega, Madison, W1, USA) diluted in Opti-Mem-1 medium
(Thermo Fisher Scientific) according to the manufacturer’s in-
structions, using a ratio of 1:3 of DNA to transfection reagent.

Knockdown of Smad3 and EZH2

Small interfering RNA (siRNA) was prepared with endo-
ribonuclease (esiRNA) essentially as described by Heninger and
Buchholz (18) with some modifications. Briefly, cDNA was iso-
lated from NT2 cells to use as a template for the generation of T7
promoter—flanked cDNA fragments through 2 rounds of PCR
amplification. The resulting fragments contained the mRNA re-
gion against which the esiRNAs would target their gene of in-
terest. These fragments were then transcribed in vitro to generate
double-stranded RNA (dsRNA) of the target amplicons. These
were subsequently purified to isolate fragments >250 bp. After
purification, dsSRNA was digested with an E38A RNase III mu-
tant purified from E. coli to generate a pool of ~21 nt siRNAs.
siRNA fragments were then purified using an RNeasy Kit (Qia-
gen, Germantown, MD, USA) to remove any undigested, larger
dsRNA from the pool, followed by a final purification to remove
any contaminants. The primers used to generate these esiRNAs
can be found in Table 1.

For knockdown experiments, 6 X 10° ARPE19 cells were
seeded into 6-well tissue culture plates. Cells were transfected in
suspension immediately after seeding with 742 ng of purified
esiRNA pools against Smad3 and EZH2 or a scrambled control
using 4.45 pl of Lipofectamine 2000 reagent (Thermo Fisher Sci-
entific) diluted in Opti-Mem-1 medium (Thermo Fisher Scien-
tific). Sixteen hours after transfection, the medium was changed
to serum-free medium. TGF-8 was added to the medium 48 h
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TABLE 1. Primer sequences for esiRNA synthesis

Primer sequence, 5'-3’

Gene Forward Reverse

eGFP CCACATGAAGCAGCACGA CGTCCTCGATGTTGTGGC
EZH?2 GAGGACGGCTTCCCAATAAC GGAGCTGGAGCTATGATGCTA
SMAD3 ACAAGGTCCTCACCCAGATG TGGACTGTGACATCCCAGAA

Primer sequences denote target gene only. eGFP, enhanced GFP.

after transfection, and cells were harvested for Western blot
analysis 48 h after addition of TGF-B.

Reagents and antibodies

Human recombinant TGF-B, was purchased from PromoCell.
All-trans-retinoic acid was purchased from MilliporeSigma. An-
tibodies used in Western blot analysis, immunoprecipitation, and
chromatin immunoprecipitation can be found in Table 2. Rho-
damine phalloidin and DAPI were from Thermo Fisher Scientific.
Anti-mouse or anti-rabbit horseradish peroxidase-labeled sec-
ondary antibodies were from Cell Signaling Technology (Dan-
vers, MA, USA). 3-Deazaneplanocin A (DZnep) was purchased
from Calbiochem (San Diego, CA, USA), and SB431542 was
purchased from Merck (Darmstadt, Germany).

Protein extraction and Western blot analysis

For whole cell lysis, protein extracts were prepared in radio im-
munoprecipitation lysis buffer [50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.25% sodium deoxycholate, 1 mM EDTA, and 1%
IGEPAL, supplemented with protease and phosphatase in-
hibitor cocktails (MilliporeSigma)]. After incubation at 4°C for
30 min, cellular debris was removed by centrifugation at 12,000 g
for 15 min at 4°C, and the cleared supernatant was transferred
into a new tube and stored at —20°C. For nuclear fractionation,
cells were resuspended in ice-cold hypotonic buffer [10 mM
HEPES, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT, and 10%
glycerol, supplemented with protease and phosphatase in-
hibitor cocktails (MilliporeSigma)]. After incubation on ice for
15 min, cell membranes were mechanically disrupted using a
Dounce homogenizer with a loose piston. The samples were
centrifuged for 5 min at 5000 rpm, and the supernatant containing

the cytoplasmic fraction was transferred to a new tube and stored
at —80°C. The nuclear pellet was stored at —80°C until required.

Protein concentration was quantified by Bradford assay (Bio-
Rad, Hercules, CA, USA) according to standard procedures.
Samples were resolved by 10-12% SDS-PAGE, transferred to a
PVDF membrane (MilliporeSigma), and blocked for 1 h in PBS
containing 0.1% Tween 20 and 5% (w/v) skimmed milk. Mem-
branes were incubated overnight with primary antibody at
4°C in blocking buffer before incubation with horseradish
peroxidase-conjugated secondary antibody at room tempera-
ture for 1 h. Chemiluminescent detection using Western Bright
ECL/Quantum/Sirus (Advansta, San Jose, CA, USA) allowed
for visualization of the protein bands.

Endogenous immunoprecipitation

Endogenous immunoprecipitations were performed on nuclear
lysates extracted as outlined above. Anti-EZH2 antibody (kind
gift from Dr. Adrian Bracken, Trinity College Dublin, Dublin,
Ireland) was coupled to 50 pl of packed Protein A beads (Milli-
poreSigma) overnight by incubating in 1 ml of PBS containing
0.1% Tween 20. Beads were collected by centrifugation at 2000
rpm for 1 min. The beads were washed twice with 1 ml of 0.2 M
sodium borate pH 9.0. The antibody was then cross-linked to the
beads by incubating with 20 mM dimethyl pimelimidate dihy-
drochloride in 0.2 M sodium borate pH 9.0 for 30 min rotating at
room temperature. The reaction was quenched by washing the
beads with 1 ml of 0.2 M ethanolamine pH 8.0 followed by in-
cubation with 1 ml of 0.2 M ethanolamine for the 2 h at room
temperature. Beads were then washed twice with PBS containing
Tween 20 and blocked for at least 1 h at 4°C rotating in blocking
buffer [0.2 mg/ml chicken egg albumin (MilliporeSigma),
0.1 mg/ml insulin (MilliporeSigma), and 1% fish skin gelatin
(MilliporeSigma) in Buffer B]. Buffer B consisted of 20 mM

TABLE 2. Antibodies used in Western blot, immunoprecipitation, and chromatin immunoprecipitation

assays
Antibody Supplier Product code Source WB IP ChIP
a-Smooth muscle MilliporeSigma A2547 Mouse 1:5000

Actin (B) MilliporeSigma Ab5316 Mouse 1:20,000

E-cadherin BD Biosciences (San Jose, 610181 Mouse 1:1000

CA, USA)

EZH2 Cell Signaling Technology 5246 Rabbit  1:2000 1:100
Fibronectin MilliporeSigma F3649 Rabbit 1:5000

H3 Abcam (Cambridge, MA, USA) Ab1791 Rabbit 1:1000

H3K27me3 Cell Signaling Technology 9733 Rabbit 1:1000

Nanog Abcam ab21624 Rabbit  1:1000

Oct4 Abcam ab19857 Rabbit  1:1000

Phospho- Smad3 Abcam ab52903 Rabbit  1:1000

Smad3 Abcam ab28379 Rabbit 1:1000 4 pg 1 pg

ChIP, chromatin immunoprecipitation; IP, immunoprecipitation; phosphor, phosphorylated; WB,

Western blot.

INTERACTION BETWEEN Smad3 AND EZH2
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HEPES pH 7.5, 0.2 mM EDTA pH 7.4, 1.5 mM MgCl,, 125 mM
KCl, and 20% glycerol. Beads were incubated with nuclear ly-
sates overnight at 4°C rotating with the addition of 250 U/ml of
benzonase nuclease (Thermo Fisher Scientific). After overnight
incubation, the beads were washed 5 times for 5 min in Buffer B
with 0.02% NP-40 and 1 time for 5 min in Buffer B with no de-
tergent. Immune complexes were eluted by boiling in 2X SDS
sample buffer containing B-mercapoethanol at 95°C, or beads
were prepared for mass spectrometry analysis as outlined below.

Immunoprecipitation of Flag-tagged proteins

Immunoprecipitation of Flag-tagged proteins was performed
on whole cell extracts transfected with Flag-tagged Smad3 or
an empty vector control and treated with TGF-B. Briefly, cells
were lysed in 1 ml of RIPA supplemented with protease and
phosphatase inhibitor cocktails as outlined above. One milli-
gram of whole cell extract was immunoprecipitated with 40 l
of anti-Flag M2 affinity gel (MilliporeSigma) overnight at 4°C.
Samples were spun at 5000 g for 30 s to pellet affinity gel,
the supernatant was discarded, and the gel was washed 3 times
with 500 pl of PBS. Immune complexes were eluted by boiling
in 2X SDS sample buffer at 95°C for 3 min. One microliter of
B-mercapoethanol was added to each sample, and samples
were boiled again for 3 min to denature proteins. Samples were
subject to Western blot analysis as previously outlined.

Isolation of histones and preparation for
mass spectrometry

Histones were isolated according to the acid extraction method of
Shechter et al. (19). Acid-extracted histones were then chemically
acetylated with deuterated acetic anhydride (20) and quantified
using the mass spectrometry MS1 ion current as described by Feller
et al. (21). The resulting histone solution was subject to in-solution
trypsin digestion prepared for mass spectrometry analysis.

In-solution trypsin digestion and mass
spectrometry analysis

Samples were treated with trypsin and prepared for mass spec-
trometry as previously described (22) with some modifications.
Briefly, C18 ziptips were used to bind peptides in solution instead of
stage tips. Peptide samples were run on a Q Exactive Mass Spec-
trometer (Thermo Fisher Scientific) as previously described (17).

Data analysis

Mass spectrometry data were processed using MaxQuant soft-
ware v.1.3.0.547 (23) using the human Uniprot database (release
2013_12). Perseus software was used to carry out statistical

TABLE 3. Primer sequences for real-time PCR

analysis (http://www.perseus-framework.org). Briefly, the intensity-
based absolute quantification (iBAQ) values were transformed
(logp), and missing values were imputed to a normal distribution.
Results were cleaned for reverse and contaminants, and a 2-tailed
Student’s ¢ test was applied with correction for multiple testing
using a false discovery rate of 0.01 to generate a list of significant
interactors.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde (Electron Micros-
copy Sciences, Hatfield, PA, USA) for 10 min, permeabilized with
0.1% Triton X-100 (MilliporeSigma) for 10 min, and blocked with
5% goat serum in PBS (MilliporeSigma) for 1 h at room temper-
ature. Cells were stained with rhodamine phalloidin diluted in
PBS for 30 min to visualize the F-actin filaments (1:500) (Thermo
Fisher Scientific) and counterstained with Hoechst 33342 (1:1000)
(Thermo Fisher Scientific) for 2 min to visualize the nucleus.

Quantitative PCR

Total RNA was isolated using Trizol reagent according to the
manufacturer’s instructions (Thermo Fisher Scientific). Five hun-
dred nanograms of RNA was reverse transcribed to cDNA using
the High Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
Quantitative real-time PCR was performed using Taqman assays
for E-cadherin, SNAI1, and Sybr Green primers for Smad3, EZH?2,
HOXA3, OCT4, and NANOG, as outlined in Table 3. PCR data
were normalized to the endogenous controls glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) or RPO, respectively.

E-cadherin luciferase assay

ARPE19 cells were seeded into a 24-well tissue culture plate at a
density of 75 X 10 cells per well. Cells were transfected in serum-
free medium with the luciferase-containing construct (proE-
cad670-Luc) and pCMVHA EZH2, pRK5F-Smad3, or both
together, using Fugene HD transfection reagent (Promega). A
plasmid encoding a constituently active thymidine kinase Renilla
construct was cotransfected into all wells to control for trans-
fection efficiency. Forty-eight hours after transfection, the cells
were harvested in passive lysis buffer, and dual luciferase activity
was measured using a Dual Luciferase Kit (Promega) according
to the manufacturer’s instructions. Firefly luciferase activity was
normalized to Renilla values.

TGF- secreted alkaline phosphatase assay

HEK Blue TGF-B reporter cells (InvivoGen, San Diego, CA, USA)
were maintained according to the manufacturer’s instructions.

Primer sequence, 5'-3’

Gene Forward Reverse

Nanog ATCTGCTTATTCAGGACAGCCC GAAGTGGGTTGTTTGCCTTTG

OCT4 AAGAACATGTGTAAGCTGCGGC CATTGTTGTCAGCTTCCTCCAC
EZH2 AGCTACATGTGAACCCACGGC TTCTTGGAAGCTGCATAGTCACATAC
SMAD3 CAGTGGAGCTGACACGGAGAC TCCCCTCCGATGTAGTAGAGCC
HOXA3 GGTTGCTGGAATGGCTGTAT CCAAGAACCCTTCTGAACCA

RPO TTCATTGTGGGAGCAGAC CAGCAGTTTCTCCAGAGC

Primer sequences denote target gene only.
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The cells were seeded into 24-well plates. Twenty-four hours after
seeding, cells were serum restricted for 24 h followed by pre-
treatment with DZnep for 1 h. TGF- was then added for 24 h.
Ten microliters of sample supernatant was removed and added
to 100 wl of Quanti-Blue secreted alkaline phosphatase detection
mediuim in a 96-well plate and incubated at 37°C for 90 min. The
absorbance was read at 620 nm on a Spectramax M2 Plate Reader
(Molecular Devices, Sunnyvale, CA, USA).

Chromatin immunoprecipitation

ARPE19 cells were cultured and differentiated with TGF-§ as
previously outlined. Cells were fixed by addition of formalde-
hyde (Electron Microscopy Sciences; 16%) at a final concentration
of 1% for 10 min to cross-link the cells. Fixation was quenched by
the addition of 2 M glycine (final concentration, 0.125 mM) for
5 min. The cells were pelleted and lysed with cell lysis buffer
containing 10 mM Tris-HCl pH 8.0, 10 mM NaCl, 0.2% NP-40,
and 10 mM sodium butyrate with the addition of protease in-
hibitor cocktail. After centrifugation at 2500 rpm for 5 min, the
pelleted nuclei were resuspended in an SDS buffer containing
50 mM Tris-HCl pH 8.1, 10 mM EDTA, 1% SDS, and 10 mM
sodium butyrate with the addition of protease inhibitor cocktail.
Samples were diluted in immunoprecipitation dilution buffer
containing 20 mM Tris-HCl pH 8.1, 150 mM NaCl, 2 mM EDTA,
1% Triton X-100, 0.01% SDS, and 10 mM sodium butyrate with
protease inhibitor cocktail followed by sonication using the Bio-
ruptor (Diagnode, Seraing, Belgium). Chromatin samples were
precleared for 1 h at 4°C using normal rabbit IgG. The sheared
chromatin was precipitated overnight at 4°C using antibodies
directed toward Smad3 or EZH2 with an isotype-matched con-
trolIgG (MilliporeSigma). The immune complexes were collected
using protein G agarose beads (Roche, Basel, Switzerland),
washed twice with a buffer containing 20 mM Tris-HCL pH 8.1,
50 mM NaCl, 2 mM EDTA, 1% Triton-x100, and 0.1% SDS, and
then washed with a buffer containing 10 mM Tris-HCL pH 8.1,
250 mM LiCl, 1 mM EDTA, 1% NP-40, and 1% deoxycholic acid.
Imuuune complexes were eluted by addition of an elution buffer
containing 100 mM NaHCO;, and 1% SDS for 15 min, shaking at
300 rpm. The cross-links were reversed, and DNA was extracted
using phenol-chloroform according to standard procedures. Fifty
nanograms of DNA was subject to standard PCR using pre-
viously published primers specific to the E-cadherin promoter
region (24). Primers were as follows: forward, 5'-TAGAGGGT-
CACCGCGTCTAT-3’; reverse, 5'-TCACAGGTGCTTTGCAG-
TTC-3'. PCR amplification was carried out using Go Taq PCR Kit
(Promega) according to the manufacturer’s instructions. Cycling
conditions were as follows: 1 cycle at 95°C for 9 min, 36 cycles
consisting of 94°C for 1 min, 60°C for 1 min, and 1 cycle at 60°C for
10 min. The amplified fragments were separated on a 3% agarose
gel and visualized with ethidium bromide.

RESULTS

Smad3 and EZH2 associate during
differentiation of neuroepithelial NT2 cells

The TGF-B signaling pathway is recognized to play a role
in early neural development (25). The role of Smad3 in this
process has recently been demonstrated to be dependent
on its nuclear distribution in a manner somewhat in-
dependent of TGF-f (26). Notably, Smad3 bound the
promotors of many key developmental and specifica-
tion genes that were also enriched for H3K27 trimethyla-
tion and H3K4 trimethylation bivalent histone marks,

INTERACTION BETWEEN Smad3 AND EZH2

suggesting that both Smad3 and the polycomb repressive
complex play key regulatory roles in self-renewal and
differentiation networks in neural cells. To determine if
Smad3 and PRC2 associate during neural specification,
PRC2 was immunoprecipitated via the EZH2 subunit from
nuclear extracts of NT2 cells during differentiation with
retinoic acid. Extracts were trypsinized, and resulting
peptides were identified and quantified using Orbitrap
mass spectrometry, generating an EZH2 interactome.
Components of the core complex (EZH2, SUZ12, and
EED) were identified in both undifferentiated and dif-
ferentiated cells, whereas a number of known PRC2-
interacting proteins (MTF2, AEBP2, RBBP4 and 7, EZH]1,
PHF19, and PHF1) were unchanged during differentia-
tion (Fig. 1A and Supplemental Fig. S1). Intriguingly, a
number of transcription factors were identified as late
EZH?2-interacting proteins, including Smad3 (Fig. 1A and
Supplemental Fig. S1) (17), raising the possibility that co-
operation between PRC2 and TGF- signaling may regulate
neuroretinal cell fate.

During the time course of differentiation of NT2 cells,
there was an increase in levels of total Smad3 and Smad3
phosphorylation (Fig. 1B), and Smad3 mRNA levels were
also increased (Fig. 1D). The differentiation marker HOXA3
was also increased, indicating successful differentiation of
the cells (Fig. 1D), whereas master transcription factors that
regulate stemness and are known to co-occupy the genome
with Smad3 in ESCs (3) (Oct4, Nanog) were absent in
the differentiated (d 8) state compared with the un-
differentiated (d 0) state (Fig. 1B, D). Significantly, although
the levels of EZH?, the enzymatic component of the PRC2
complex, remained generally constant during differen-
tiation (Fig. 1B), there was a global increase in bulk
H3K27me3 levels in differentiated cells at d 8 (Fig. 1C). Both
Smad3 and EZH2 were found primarily in nuclear frac-
tions with an increase in nuclear Smad3 in response to
retinoic acid treatment (Fig. 1E), and the direct binding
between Smad3 and EZH2 was confirmed by coimmuno-
precipitation (Fig. 1F). These results demonstrate that reti-
noic acid—mediated differentiation of NT2 neuroepithelial
progenitor cells is characterized by increased levels of
Smad3 and increased Smad3 phosphorylation, as well as
increased H3K27me3 levels, and that during this process
Smad3 and EZH2 physically associate.

The repressive histone mark H3K27me3 is
increased during dedifferentiation of retinal
epithelial cells in response to TGF-

During the initiation and progression of diabetic micro-
vascular complications, retinal epithelial cells are accepted
to undergo dedifferentiation in response to hyperglyce-
mia. This induces a process of reprogramming, evoking
gene expression profiles reminiscent of ontogenesis, in
response to increased levels of TGF-B in the eye. We
wondered if the PRC2-regulated processes observed dur-
ing NT2 differentiation could be driven by TGF-§ in the
pathologically relevant context of epithelial-to-mesenchymal
transdifferentiation of neuroretinal pigmented epithelial
cells. ARPE19 cells were dedifferentiated by stimulation
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Figure 1. Smad3 was identified as a late EZH2 interactor during NT2 differentiation. A) Graphic representation of the EZH2
interactors identified by Orbitrap mass spectrometry in NT2 cells. The core PRC2 components EZH2, SUZ12, and EED, as well as
a number of known PRC2 interactors (MTF2, AEBP2, RBBP4 and 7, EZH1, PHF19, PHF1), were identified as associated with
EZH2 in undifferentiated and differentiated NT2 cells. The levels of JARID 2, a known PRC2 interactor, was decreased during
NT2 differentiation with retinoic acid, and Smad3 was identified as a late PRC2-interacting protein. B) Western blot analysis of
undifferentiated NT2 cells (d 0) and NT2 cells treated with retinoic acid to induce differentiation (d 2, 4, 8). H3 was used as a
loading control. C) Western blot for the repressive histone mark H3K27me3. H3K27me3 expression was increased in
differentiated cells treated with retinoic acid (d 8) compared with undifferentiated cells (d 0). D) Real-time PCR quantification of
OCT4, NANOG, SMAD3, and HOXA3 in undifferentiated NT2 cells (d 0) and cells differentiated with retinoic acid (d 2, 4, 8).
Expression levels of mRNA were normalized to RPO housekeeping gene. E) Nuclear (Nuc) and cytoplasmic (Cyto) fractionation
of NT2 cells with and without retinoic acid. Lysates were subjected to Western blot analysis and probed for Smad3 and EZH2.
GAPDH was used as cytoplasmic loading control, and H3 was used a nuclear loading control. F) Direct binding between Smad3
and EZH2 was confirmed by coimmunoprecipitation in undifferentiated and differentiated NT2 cells. IP, immunoprecipitation;
RA, retinoic acid.
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with TGF-B, and established markers of epithelial and
mesenchymal fates were assessed by Western blot
analysis. The epithelial marker E-cadherin was reduced
after stimulation with TGF-B with parallel increases in
the mesenchymal markers o smooth muscle actin and
fibronectin (Fig. 2A). Furthermore, cells also exhibited
loss of cortical actin and de novo assembly of stress fibers
suggestive of epithelial-to-mesenchymal dedifferentia-
tion (Fig. 2B). Many of the profibrotic actions of TGF-3
are mediated by Smad3, which is known to regulate the
expression of a number of EMT-associated transcription
factors including Snail (27). Both phosphorylated Smad3
and Snail were increased by TGF- treatment (Fig. 1A).
Stable repression of epithelial genes is required to facil-
itate phenotypic switches associated with EMT. There-
fore, we hypothesized that chromatin modifications
associated with gene repression and heterochromatin
may be altered during EMT to enable such transitions.
We examined bulk levels of the repressive histone mark
H3K27me3 by Western blot analysis and observed an
increase in levels of this histone modification during
TGF-B—mediated epithelial-to-mesenchymal dedifferenti-
ation (Fig. 1A). These findings were confirmed by quan-
titative mass spectrometry analysis of H3K27me3 levels
(Supplemental Fig. S2); similarly, during NT2 differ-
entiation, the levels of EZH2 (the methyltransferase
responsible for catalyzing the formation of the mark)
remained relatively constant. To confirm that increased
H3K27me3 is a canonical, TGF-B and Smad3-driven
event, we transfected ARPE19 cells with a full-length
Flag-tagged Smad3—overexpression plasmid for 48 h in
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the absence of TGF-B. H3K27me3 expression was in-
creased in cells transfected with Smad3 relative to
nontransfected cells or empty vector controls. Success-
ful overexpression was confirmed by probing for Flag
tag (Fig. 2C). These results suggest that the processes
observed during neuroepithelial NT2 differentiation,
specifically increased phosphorylation of Smad3 and
increased levels of H3K27me3, are paralleled during
pathologically relevant TGF-B—driven dedifferentiation
of ARPE19 epithelial cells.

Smad3 and EZH2 associate during
dedifferentiation of neuroretinal
epithelial cells in response to TGF-$

After our observation that H3K27me3 was also increased
during TGF-B—mediated epithelial-to-mesenchymal de-
differentiation of retinal epithelial cells, we next asked if
EZH2 and Smad3 also associate in this context. We con-
firmed that EZH2, Smad3, and phosphorylated Smad3
were localized to the nuclear compartment by subcellular
fractionation (Fig. 2D). To map the EZH?2 interactome, we
performed endogenous immunoprecipitation with EZH2
and a matched IgG control in ARPE19 nuclear lysates
dedifferentiated with TGF- for 72 h followed by trypsin
digestion, identification, and quantitation of peptides us-
ing Orbitrap mass spectrometry as previously described.
EZH2 and the core components of the PRC2 complex
(SUZ12 and EED) were immunoprecipitated under both
experimental conditions (TGF-# vs. control), whereas

Figure 2. TGF induces dedifferentiation in
ARPE19 cells, and during this process expres-
sion of the histone mark H3K27me3 is in-
creased. A) ARPE19 cells were treated with
recombinant human TGF-f for 24, 48, and
72 h. The expression of known markers of
epithelial and mesenchymal fates, as well as the
expression of the histone mark H3K27me3,
were examined by Western blot. B-actin was
used as a loading control. B) Immunofluores-
cent staining of F-actin fibers using phalloidin
stain demonstrates loss of cortical actin and de
novo assembly of stress fibers in response to
TGF-B treatment. C) Flag-tagged Smad3 was
overexpressed for 48 h in ARPE19 followed by
Western blot analysis for the histone mark
H3k27me3. Successful overexpression is indi-
cated by expression of the Flag tag. D) Western
blot of nuclear and cytoplasmic fractions of
cells treated with vehicle or TGF-. The
expression of Smad3 and EZH2 was detected.
GAPDH was used a cytoplasmic loading con-
trol, and H3 was used as a nuclear loading
control. NTC, nontransfected control.

Nuclear
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Smad3 was enriched in the TGF-B—treated cells compared
with vehicle control (Fig. 3A). The IgG control did not pull
down EZH?2 or any of the core PRC2 complex components,
indicating the relative specificity of the antibody. Volcano
plots were used to plot the enrichment of identified EZH2
interactors (relative to an IgG antibody control) against the
significance of that fold enrichment. Representative vol-
cano plots of the data from liquid chromatography with
tandem mass spectrometry indicate peptides that interact
with EZH2 (Fig. 3B). The bait protein (EZH?2), core com-
ponents of the PRC2 complex (SUZ12, EED), and a num-
ber of known accessory proteins (RBBP7, RBBP4, PHF1)
were among the most significant scoring under both ex-
perimental conditions, as indicted by their relative fold
change and P values. Smad3 scored insignificant under
vehicle conditions; however, it was detected as a highly
significant interactor under TGF-B—treated conditions
(Fig. 3B). iBAQ scoring was used to determine the stoi-
chiometry of PRC2 core components, accessory proteins,
and novel interacting proteins relative to EZH2 using the
method of Smits et al. (28). EZH2 interacts with EED in a
1:1 ratio and SUZ12 in a 1:1.5 ratio, in agreement with
previously published data (Fig. 3C) (28). Smad3 was
almost undetectable under control conditions but in-
creased in response to TGF-B. Direct interaction be-
tween Smad3 and EZH?2 in the chromatin-associated
nuclear fractions was confirmed by coimmunoprecipi-
tation analysis and reverse endogenous coimmuno-
precipitation (Fig. 3D, E). Furthermore, this interaction
was additionally confirmed in HEK293T cells over-
expressing Flag-tagged Smad3 and treated with TGF-.
EZH2 copurified with Smad3 when the Flag tag was
used to immunoprecipitate Smad3 (Fig. 3F). These re-
sults indicate that Smad3 and EZH2 also associate
during TGF-B—mediated dedifferentiation of neuro-
retinal epithelial cells.

Targeting the Smad-EZH2 complex inhibits
TGF-B-mediated epithelial dedifferentiation

Next, we asked if inhibiting either Smad3 or EZH2 could
protect cells from undergoing TGF-B—mediated epithelial
dedifferentiation. In our initial approach we used small
molecule inhibitors of Smad3 activation and EZH?2 activ-
ity. SB431542 is a potent TGF-B type I receptor inhibitor
that inhibits the kinase activity of the type 1 receptor pre-
venting activation of downstream Smad signaling (29).
SB431542 effectively inhibited TGF-B—mediated phos-
phorylation of Smad3 in ARPE19 cells (Fig. 4A). Pre-
treatment of cells with SB431542 protected against
TGF-B—mediated loss of E-cadherin. Furthermore, SB431542
prevented the induction of the mesenchymal markers fi-
bronectin, a-smooth muscle actin, and Snail (Fig. 4A).
Treatment with the inhibitor did not affect levels of
EZH2 (Supplemental Fig. S3). DZnep is an inhibitor of S-
adenosylmethionine-dependent methyltransferases and
has been shown to decrease the activity of EZH2 in cells
(30). Pretreatment of cells with DZnep prevented TGEF-
B-mediated induction of both « smooth muscle actin and
Snail; however, DZnep did not prevent the induction of

6674  Vol. 33 May 2019

The FASEB Journal - www.fasebj.org

fibronectin or the loss of E-cadherin (Fig. 4B). Further-
more, pretreatment with DZnep did not affect the
phosphorylation of Smad3 or inhibit secreted alkaline
phosphatase promotor reporter activity (Fig. 4B and
Supplemental Fig. S3). Although pretreatment of cells
with DZnep decreased the levels of EZH2 only margin-
ally after 48 and 72 h, global levels of H3K27me3 were
decreased by 24 h and further decreased by 48 and 72 h
after treatment (Fig. 4C). However, DZnep is not a di-
rect EZH2 inhibitor; instead, it inhibits S-adenosyl
homocysteine hydrolase, which leads to degradation of
the PRC2 complex via a feedback inhibition mecha-
nism. DZnep is known to inhibit histone marks other
than H3K27me3, including H4K20me3 (31). In order to
establish that the effects of DZnep were not due to in-
hibition of other methyltransferases, we repeated the
experiment with a more selective inhibitor of EZH?2,
(GSK343. GSK343 is a S-adenosyl-L-methionine-competitive
inhibitor, highly potent and selective for EZH2 (32).
GSK343 inhibited EZH2 expression and decreased
global levels of H3K27me3 after 48 h of treatment (Fig.
4D). Although pretreatment of cells with GSK343 prior
to treatment with TGF-B prevented the induction of fi-
bronectin, it did not protect against TGF-B—mediated
loss of E-cadherin.

In a second approach, we used esiRNAs to knock down
Smad3 and EZH2 for 48 h followed by treatment with
TGE-B for 48 h. Successful knockdown was achieved for
both Smad3 and EZH2 alone or in combination (Fig. 4E).
Furthermore, Smad3 knockdown also inhibited phos-
phorylation of Smad3, whereas knockdown of EZH2 had
no discernable effect. We examined the effect of Smad3 or
EZH2 knockdown or double knockdown of Smad3 and
EZH?2 on fibronectin and E-cadherin expression. Smad3
knockdown reduced TGF-B-mediated fibronectin in-
duction relative to scrambled control, whereas EZH?2
knockdown had a minimal effect. Knockdown of both
Smad3 and EZH2 completely inhibited this response (Fig.
4F). Although there was some loss of basal E-cadherin
in response to Smad3 knockdown, EZH2 knockdown
resulted in complete loss of E-cadherin protein expression,
particularly in cells treated with TGF-B. Double knock-
down of Smad3 and EZH2 partially restored basal levels of
E-cadherin (Fig. 4F).

Smad 3 and EZH2 cooperate to regulate
cellular plasticity in retinal epithelial cells

Having established that EZH2 and Smad3 associate with
each other in multiple contexts (Figs. 1 and 2), we con-
sidered what the functional implications of this interaction
might be. Two separate, striking pieces of information led
us to speculate that the interaction between Smad3 and
EZH2 might direct the PRC2 complex to specific loci and is
generally repressive in nature. Firstly, we observed an
inverse relationship between the expression of the pluri-
potency factors (Oct, Sox, Nanog) and Smad3 and EZH2
during the course of NT2 differentiation (Fig. 1B, D).
Secondly, analysis of available chromatin immuno-
precipitation sequencing (ChlIP-seq) data from the
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Figure 3. Proteomic analysis of the EZH2 interactome during TGF-3—mediated epithelial dedifferentiation in ARPE19 cells identifies an
interaction with Smad3. Endogenous immunoprecipitation with EZH2 in ARPE19 cells dedifferentiated with TGF-8 for up to 72 h was
followed by trypsin digestion, identification, and quantitation of peptides using Orbitrap mass spectrometry. A) Heat map indicating the
differential abundances of proteins in vehicle vs. TGF—treated cells. B) Volcano plots of data from liquid chromatography with
tandem mass spectrometry for vehicle and TGF-8 conditions. Differences in Student’s ¢ test scores between specific and control
immunoprecipitation were plotted against log-transformed Student’s ¢ test Pvalues with a false discovery rate (FDR) set to 0.01. The bait
protein EZH2 (BAIT) is labeled in green. The components of the PRC2 complex are labeled in blue, and newly identified interactors
(NEW) are labeled in black. S0, artificial within groups variance. C) iBAQ values were scaled to the bait protein for each condition to plot
relative stoichiometry data for core and previously described PRC2 components, as well as for the newly identified interactor Smad3. D, F)
Direct binding between Smad3 and EZH2 was confirmed by EZH2 coimmunoprecipitation and Smad3 reverse coimmunoprecipitation.
F) HEK293 cells were transfected with a wild-type Flagtagged Smad3 followed by treatment with TGF-3 for 48 h. Smad3 was
immunoprecipitated from a whole-cell lysate using anti-Flag affinity gel, and EZH2 was detected by Western blot. EV, empty vector; IP,
immunoprecipitation; NTC, nontransfected control.
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Figure 4. Targeting the Smad-EZH2 complex using small molecule inhibitors and esiRNA knockdown. A, B) Pharmacologi-
cal inhibition of the TGF- type I receptor and EZH2 using the small molecule inhibitors SB431542 (10 wM) and DZnep (5 pM),
respectively. Cells were pretreated for 1 h with the inhibitor prior to treatment with TGF-$ for 48 h. C) DZnep treatment
of ARPE19 cells resulted in decreased EZH2 expression at 48 and 72 h after treatment, and repressive chromatin mark
H3K27me3 was decreased by 24 h and further reduced at 48 and 72 h after treatment. D) Pharmacological inhibition of EZH2
using the more specific inhibitor, GSK343. Cells were pretreated for 1 h with the inhibitor (5 uM) prior to treatment with TGF-8
followed by Western blot analysis of epithelial and mesenchymal markers. £) Smad3 and EZH2 were knocked down individually
or in combination using esiRNA technology. Knockdown was confirmed by Western blot analysis. Smad3 knockdown also
inhibited the phosphorylation of Smad3, whereas EZH2 knockdown had no effect. F) Effect of knockdown of Smad3 and EZH2
on epithelial and mesenchymal (E-cadherin and fibronectin) markers in the presence and absence of TGF- was assessed by

Western blot.

ENCODE project revealed the presence of bivalent tri-
methyl marks (H3K4Me3 and H3K27Me3) at the CDH1
gene locus in NT2 cells, whereas in ESCs, the repressive
mark is absent, suggesting the resolution of a mono-
valent, transcriptionally permissive state to the bivalent
state during differentiation (Fig. 5A). Similarly, the
repressive mark is not present in epithelial cells char-
acterized by high levels of E-cadherin, whereas in
myofibroblasts there is increased H3K27Me3 (Fig. 2A).
Further interrogation of the Mullen ChIP-seq data set
revealed 267 bivalent loci that are Smad3 bound in
human ESCs and a further 438 that are silenced (Fig.
5B). Intriguingly, silenced Smad3-bound loci were
significantly enriched for cell adhesion molecules, in-
cluding several cadherins and protocadherins. Gene
ontology analysis using Panther revealed significant
enrichment of developmental and morphogenic process-
es among bivalent Smad3 bound genes, of which 36.6%
are classified as transcription factors (Fig. 5C). These
include a number of transcription factors that are
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implicated in cell fate specification and development.
Each of the 61 transcription factors was subsequently
interrogated using existing ChIP-seq data from the
ENCODE project. All Smad3-bound loci are addition-
ally EZH2 bound. Comparative analysis using chro-
matin immunoprecipitation correlation identified a
number of highly enriched EZH?2 features (8-27-fold
enrichment) typically within 1000 bp of Smad3 bound
site.

In adult cells, during EMT, it has been proposed that
Smad3 in complex with Smad4 recruits Snail to the
E-cadherin promoter to repress its expression (33).
Additionally, the recruitment of PRC2 to the E-cadherin
promoter by Snail has been demonstrated in cancer
cells and during embryonic development (24, 34-36);
however, a link between these 2 observations has
remained elusive, and to date few studies have
addressed the mechanism through which Smad3 can
regulate plasticity by controlling promoter accessibility
of key epithelial genes. We hypothesized that the
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Figure 5. Smad3 and EZH2 cooperate to repress E-cadherin promoter-reporter activity. A) Genome Browser view of the E-
cadherin (cdhl) locus illustrating H3K27me3 and H3K4me3 ChIP-seq tracks in ESCs and NT2 cells. B) Analysis of the Mullen
ChIP-seq data classifying all Smad3-bound promotors in human ESCs as silent, bivalent, active, or unclassified. C) Gene ontology
analysis of Smad3-silenced genes from the Mullen ChIP-seq data set. D) Chromatin immunoprecipitation-PCR (ChIP-PCR)
analysis of the E-cadherin promoter for Smad3 and EZH2 occupancy in ARPE19 cells treated with TGF-8. The primers were
designed to flank the promoter region of CDHI1. A nontemplate sample as well as an isotype-matched control IgG served as
negative controls, and DNA isolated from ARPE19 cells not subjected to chromatin shearing or immunoprecipitation (IP) and an
input sample subjected to chromatin shearing but not immunoprecipitation served as positive controls. I£) Overexpression of
both Smad3 and EZH2 individually reduce E-cadherin luciferase activity in ARPE19 cells, with the greatest reduction in luciferase

activity observed with both in combination. RLU, Relative Luciferase Unites. *P < 0.05, **P < 0.01.

interaction of Smad3 and EZH2 might function to re-
cruit the PRC2 complex to the E-cadherin promoter
and silence its expression. We first established co-
occupancy of Smad3 and EZH2 on the CDH1 proximal
promoter under differentiation conditions by chroma-
tin immunoprecipitation followed by PCR (Fig. 5D).
Briefly, ARPE19 cells were dedifferentiated with TGF-8
for 48 h. Chromatin fractions were immunoprecipi-
tated using antibodies against Smad3 and EZH?2 fol-
lowed by amplification of the E-cadherin proximal
promoter using previously published primers (24).
Both Smad3 and EZH2 were present on the promoter
under these conditions. In order to test if Smad3 and
EZH2 co-occupancy facilitated repression of CDH1, we
utilized a promoter reporter construct comprising a 670
bp region of the CDH1 promoter upstream of the
transcription start site. We determined that although
overexpression of either Smad3 or EZH2 significantly
repressed reporter activity, there was a clear synergistic
response when both EZH2 and Smad3 were co-
overexpressed (Fig. 5E). These results suggest that
Smad3 and EZH2 occupy the E-cadherin promotor
during TGF-p-mediated dedifferentiation and sug-
gest these factor may cooperate to repress E-cadherin
expression.

INTERACTION BETWEEN Smad3 AND EZH2

Inhibition of Smad3 signaling using a TGF-3
receptor targeting microRNA rescues
expression of E-cadherin

The miR302/367 cluster was initially identified as a po-
tential stemness regulator in ESCs (37). We subsequently
identified the TGF-B type Il receptor as a target of miR302
and demonstrated ablation of Smad3 signaling and the
acquisition of plasticity in adult cells overexpressing
miR302 (14, 16). We hypothesized that silencing of the
TGF-B type II receptor with miR302 could be used to
perturb the interaction between Smad3 and EZH2. A
polycistronic plasmid encoding all 4 members of the
miR302 family was used to generate a miR302 lentivirus.
Lentiviral overexpression of miR302 in ARPE19 cells
resulted in significantly increased expression of E-cadherin
at both protein and mRNA level (Fig. 64, B) compared
with both nontransduced and scrambled controls. In-
triguingly, this was initially associated with increased Snail
and EZH2 (d 7), resolving to a state of high levels of
E-cadherin, concomitant with loss of Snail and EZH?2
(d 14) (Fig. 6A, B). Even in the presence of TGF-§,
miR302 overexpression facilitated increased E-cadherin
expression and dampened TGF-B-induced a smooth
muscle actin expression, protecting the cells from
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Figure 6. miR302 increases the
expression of E-cadherin. A) Len-
tiviral overexpression of miR302 A

in ARPE19 cells increased Day 3 Day 7
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the expression of E-adherin,
EZH2, and Snail compared with
nontransduced and scrambled
controls. B) Real-time PCR quan-
tification of increased E-cadherin,
EZH2, and Snail in response to ~ 29kDa
miR302. C) Western blot analysis  gg,.n,
of E~adherin and a smooth

muscle actin in ARPE19 nontrans-  42kDa
duced cells or in cells transduced

with miR302 or a scrambled

control virus for 7 d followed by
treatment with TGF or a vehicle

control for 24, 48, or 72 h. D) Cc
Analysis of E-cadherin luciferase
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ARPE19 cells were transduced

with miR302 lentivirus or a control 120KDg
duced for 7 d. At d 7, cells were
reseeded and transfected with an 42kDa
F~cadherin luciferase construct and

a Renilla internal control with or

without a Smad3 expression vector

for 48 h. RLU, Relative Luciferase

Units. ***P < (0.001. NT, nontrans-

duced; Scr, scrambled.

undergoing TGF-B-mediated dedifferentiation (Fig. 6C).
Furthermore, overexpression of miR302 had no dis-
cernable effect on E-cadherin promoter reporter activity
atd 7 after transduction despite increased levels of EZH2
and Snail, whereas transient overexpression of Smad3
in these cells led to almost complete inhibition of
E-cadherin promoter reporter activity (Fig. 6D).

DISCUSSION

Here we demonstrate a physical interaction between
EZH2, the enzymatic core of the PRC2 complex, and
Smad3 during retinoic acid-mediated differentiation
of neuroepithelial pluripotent NT2 cells and the de-
differentiation of neuroretinal epithelial ARPE19 cells in
response to TGF- and elaborate on the functionality of
this interaction.

Researchers have struggled to explain how cells in-
terpret TGF-B signaling in pluripotent vs. differentiating
conditions, more specifically the role of Smad2 and -3 in
the resolution of poised bivalent to monovalent states, ei-
ther repressive or permissive, during specification. Baker
et al. in Stanford first proposed a mechanism whereby
SMAD proteins coordinate with chromatin at critical
promoters during endodermal specification (38). Sub-
sequent studies identified HEB and E2A as Smad3 cofac-
tors and demonstrated that HEB directly associates with
PRC2 at a subset of developmental promoters in a nodal-
independent manner, whereas its association with Smad2
and -3 is nodal dependent. A simple interpretation of this
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data would suggest that Smad3, HEB, and PRC2 form a
dynamic complex during endoderm specification (39).
Similarly, we identified an association between Smad3
and the enzymatic core of the PRC2 complex, EZH2,
which was enriched during the differentiation of neuro-
epithelial NT2 cells. Our group previously mapped PRC2
interactors in undifferentiated NT2 vs. differentiated NT2
cells, noting dynamic changes to the PRC2 interactome
between cell states, namely, a shift from association with
factors known to be involved in stemness, such as SALL4
and ZNF281, to association with factors with recognized
roles in processes related to differentiation, such as Smad3
and PLC1 (40). Smad3 transcript and protein levels, as well
as Smad3 phosphorylation, were increased during retinoic
acid—-mediated NT2 differentiation, inversely correlating
with the levels of the master transcription factors Oct4 and
Nanog, known to regulate stemness, suggesting that
Smad3 signaling may play an important role in directing
the neural differentiation program. In fact, Smad3 was
previously shown to facilitate neural differentiation by
promoting the switching of neural progenitor cells to
neural precursors (25).

Importantly, the dynamic changes to the PRC2 inter-
actome were accompanied by increases in the H3K27me3
histone mark at d 8, leading us to hypothesize that the
regulation of neuroepithelial cell fate thus involves care-
fully choreographed chromatin reorganization controlled
by the interaction between Smad3 and EZH?2.

Critically, we also demonstrated an association be-
tween Smad3 and EZH?2 in response to TGF-B-mediated
EMT, highlighting the widespread nature of this complex.
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The association between the 2 factors was enriched under
TGEF-B treated conditions relative to control and, as during
NT2 differentiation, correlating with increased levels of
H3K27me3. Importantly, Smad3 and EZH2 form a com-
plex thatis directed to the CDH1 locus and is repressive in
nature. Smad3-driven recruitment of Snaill to the E-
cadherin promotor to facilitate repression is well estab-
lished during EMT (33, 41). Furthermore, the recruitment
of PRC2 to the E-cadherin promoter by Snaill has been
demonstrated in numerous contexts, including cancer cells
and differentiating ESCs (34, 36, 42). Interestingly, a recent
study mapped the binding kinetics of Snaill to its target
promoters during EMT. The researchers observed tran-
sient binding of Snaill to the E-cadherin promotor, which
peaked at 6 h after EMT induction and preceded de-
position of the repressive H3K27me3 histone mark (43).
Accumulation of H3K27me3 suggests PRC2-mediated
stable silencing of gene expression. Consistent with this,
we demonstrated occupancy of the E-cadherin promotor
by Smad3 and EZH2 48 h after TGF-B treatment, co-
incident with the appearance of the H3K27me3 histone
mark. Although binding of Snaill to its target promotors,
including E-cadherin during EMT, may represent an ini-
tiating silencing event, long-term repression is likely me-
diated by a mechanism independent of Snaill binding.
Indeed, displacement of Snaill from the promotor may
enable stable silencing by facilitating the formation of the
Smad3-EZH2 repressive complex and promote deposition
of H3K27me3 to regulate alterations in the chromatin
landscape. However, further investigation is warranted to
confirm this hypothesis.

In the context of our cell model, manipulation of this
complex using pharmacological inhibitors of Smad3 and
EZH2 activity facilitated the reassembly of adherens
junctions and the rescue of epithelial phenotype in the case
of SB431542 but not in the case of either of the EZH2 in-
hibitors. Similarly, knockdown of EZH?2 failed to rescue E-
cadherin expression. A simple interpretation of this data
would suggest that inhibiting Smad3 phosphorylation is
critical to prevent repression of E-cadherin and that al-
though DZnep and EZH2 esiRNA knockdown inhibited
EZH2 activity and expression, respectively, neither af-
fected Smad3 phosphorylation; thus Smad3 may still be
recruited to the E-cadherin promotor to facilitate re-
pression in a PRC2-independent mechanism. In an
alternative strategy, we disrupted Smad3 signaling by
overexpressing miR302. Our laboratory, among others,
has previously validated the TGF-B type II receptor as a
miR302 target (14, 44). Mechanistically, miR302 down-
regulates the expression of TGF-B type II receptor;
consequently, phosphorylation of Smad3 is blocked.
Intriguingly, overexpression of miR302 not only main-
tained E-cadherin expression but in fact increased basal
levels of E-cadherin at both a transcript and a protein level
despite increased levels of both Snaill and EZH2. This
induction of E-cadherin in response to miR302 over-
expression was not ablated by treatment with TGF-8,
further suggesting that functional Smad3 signaling is
required for polycomb-mediated repression of E-cadherin
in response to TGF-B. At d 7, when cells exhibited the
highest expression of both Snaill and EZH2, E-cadherin

INTERACTION BETWEEN Smad3 AND EZH2

promoter-reporter activity was unaffected in miR302-
overexpressing cells relative to control, whereas transient
overexpression of Smad3 was sufficient to repress this
activity. Similarly, in another study from our group, we
demonstrated that overexpression of miR302 also in-
creases levels of EZH2 and Snaill in human mesangial
cells during acquired plasticity (16). Overexpression of
miR302 in combination with treatment with DZnep
resulted in de novo expression of E-cadherin in these cells,
which, being of fibroblast origin, do not express E-
cadherin endogenously. Although the precise mecha-
nism of this de novo expression of E-cadherin was unclear
at the time, it seems plausible in the light of the data pre-
sented in this study that miR302 via modulation of Smad
signaling disrupts the association between Smad3 and
EZH2, leading to loss of stable repression of the E-cadherin
promoter. miR302 expression alone was sufficient to in-
crease basal levels of E-cadherin expression in epithelial
cells, whereas in fibroblasts, overexpression of miR302
required the addition of DZnep to achieve the same result,
likely reflecting the permissive state of the CDHI1 pro-
motor in epithelial cells, which is subsequently resolved
to a monovalent polycomb stably repressed state in
fibroblasts.

Likewise, in pluripotent cells, such as human and
mouse ESCs, a large subclass of enhancers are marked by
H3K27me3 and bound by the polycomb complex PRC2
(45, 46). These elements have been termed “poised en-
hancers” and are located near key early developmental
genes yet are unable to drive gene expression in pluripo-
tent cells—an ability they acquire during differentiation,
coincident with the loss of H3K27me3. Consistently, genes
located in proximity of H3K27-methylated enhancers
commonly have so-called bivalently marked promoters,
characterized by the simultaneous presence of H3K4me3
and H3K27me3 and association with PRC2. H3K27me3
enrichment has not been widely described at enhancers in
other differentiated cell types, suggesting that poised en-
hancers in ESCs may reflect unique polycomb regulation
in pluripotent cells. However, given the shared charac-
teristics between stem and progenitor populations un-
dergoing differentiation and cells during the acquisition of
plasticity associated with transdifferentiation and patho-
logic cell dedifferentiation, this raises the intriguing pos-
sibility that a similar mechanism is employed. In light of
the fact that Smad3 and EZH2 association was enriched
under both NT2 cell differentiation and TGF-B-mediated
dedifferentiation, it is tempting to suggest that this may
represent a general mechanism through which Smad3
directs repression of genes; however, clearly more in-
vestigation is required. Notably, Smad3 was found to be
associated with the other core components of the PRC2
complex in studies by our group and others. Smad3 as-
sociates with Suz12 during NT2 differentiation (17). EED
was found to associate with Smad3 in neural progenitor
cells but not ESCs (47), further suggesting that interactions
between Smad3 and the PRC2 complex directs its activity
during fate transitions. However, it must be noted that the
current study was undertaken using immortalized cell
lines. Although ARPE19 cells are not an exact model of
retinal pigmented epithelial cells in vivo, they have many
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properties similar to primary retinal pigment epithelium
that make them a useful model, including an intact TGF-3
signaling pathway. However, additional studies in pri-
mary cells are warranted to confirm the observations
presented in this manuscript. We have recently derived
retinal pigmented epithelial cells from induced pluripo-
tent stem cells, and these cells dedifferentiate in response
to TGF-B in a manner similar to ARPE19 cells (unpub-
lished results). Nevertheless, our integrated signaling and
proteomic approach to dynamically map the polycomb
repressive complex during cell differentiation provide
important insights into the cooperative nature of the in-
teraction between the transcriptional machinery respon-
sible for establishing specified states and the epigenetic
mechanisms that facilitate these transitions.
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