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SUMMARY

Epithelial-mesenchymal transition (EMT) is a pro-
found example of cell plasticity that is crucial for em-
bryonic development and cancer. Although it has
long been suspected that chromatin-based mecha-
nisms play a role in this process, no master regulator
that can specifically regulate EMT has been identified
to date. Here, we show that H2A.Z can coordinate
EMT by serving as either an activator or repressor
of epithelial or mesenchymal gene expression,
respectively. Following induction of EMT by TGF-8,
we observed an unexpected loss of H2A.Z across
both downregulated epithelial and upregulated
mesenchymal promoters. Strikingly, the repression
of epithelial gene expression was associated with
reduction of H2A.Z upstream of the transcription
start site (TSS), while the activation of mesenchymal
gene expression was dependent on removal of
H2A.Z downstream of the TSS. Therefore, the ability
of H2A.Z to regulate EMT is dependent on its posi-
tion, either upstream or downstream of the TSS.

INTRODUCTION

Epithelial-mesenchymal transition (EMT) is essential for driving
plasticity during early development, while the reverse process,
mesenchymal-epithelial transition (MET), is responsible for the dif-
ferentiation of numerous tissues and organs (Thiery et al., 2009).
The dynamic nature of this dedifferentiation-re-differentiation pro-
cess is highlighted by the requirement of up to three successive
cycles of EMT/MET during the formation of some tissues in the
mammalian developing mammalian embryo (Thiery et al., 2009).

The conversion of epithelial cells to mesenchymal cells in-
volves drastic phenotypic changes that include the loss of cell
polarity, the loss of cell-cell adhesion, and the gain of migratory
and invasive properties (Thiery et al., 2009). Interest in the EMT
process is rising due to the fundamental role that inter-conver-
sion of epithelial cells to mesenchymal cells plays in epithelial
tumor metastasis (De Craene and Berx, 2013; Kiesslich et al.,
2013). Therefore, elucidating the molecular mechanisms under-
lying the EMT process not only is important for understanding
development processes but will also have broad implications
in understanding cancer progression.

Epigenetic/chromatin-based mechanisms are stable enough
to confer robustness to steady-state gene expression yet retain
the plasticity to be able to direct a new fate for a cell (“epigenetic-
based mechanisms” broadly refers to changes in the composi-
tion or modification state of chromatin or DNA that regulate pat-
terns of gene expression and chromosome stability). Therefore,
it is highly likely that epigenetic modifiers will play a key role in the
control of EMT. Supporting this hypothesis, several studies have
shown that EMT involves major epigenetic reprogramming,
including extensive changes to chromatin modifications (Cieslik
etal., 2013; Maloufet al., 2013; McDonald et al., 2011; Wang and
Shang, 2013; Wu et al., 2012). Transforming growth factor B
(TGF-B) is a pleiotropic transforming growth factor that can
induce EMT in numerous lineages of epithelial cells (Zavadil
and Bottinger, 2005). It was previously observed that, upon
TGF-B-induced EMT, there is a global reduction in the hetero-
chromatic mark, H3K9me2, with a corresponding bulk increase
in histone modifications associated with active transcription
(H3K4me3 and H3K36me3) (McDonald et al., 2011). These
global histone modification changes were attributed to an
increase in the expression of lysine-specific demethylase-1
(McDonald et al., 2011).

However, despite these widespread changes in histone
methylation, these changes cannot account for the regulation
of important EMT marker genes (McDonald et al., 2011; Wu
et al., 2012). Similarly, histone deacetylases 1-3 have also been
shown to play a role in the repression of certain epithelial genes
(Wang and Shang, 2013), but neither histone methylation nor
acetylation are specifically associated with TGF-B-induced EMT.

H2A.Z is evolutionarily conserved and an essential metazoan
histone variant of the H2A class (Faast et al., 2001). Mice defi-
cient in H2A.Z die during early development, but the reason for
this is unknown (Faast et al., 2001). Previously, we showed that
the loss of H2A.Z in Xenopus laevis impaired the cell movement
required for the formation of the mesoderm and neural crest
(Ridgway et al., 2004). Given that mesoderm formation is criti-
cally dependent on EMT, we therefore wondered whether
H2A.Z might be a chromatin regulator of EMT.

RESULTS

Knockdown of the Histone Variant H2A.Z Mimics TGF-
B-Induced EMT in Madin-Darby Canine Kidney Cells

To investigate whether H2A.Z has a role in EMT, its expression
was inhibited in Madin-Darby Canine Kidney (MDCK) cells using

Cell Reports 27, 1-10, October 24, 2017 © 2017 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
CELREP 4257

OPEN

ACCESS
CellPress



mailto:david.tremethick@anu.edu.au
https://doi.org/10.1016/j.celrep.2017.09.086
http://creativecommons.org/licenses/by-nc-nd/4.0/
davidtremethick
Cross-Out

davidtremethick
Inserted Text
-redifferentiation

davidtremethick
Cross-Out


OPEN

ACCESS
Cell

Reports (2017), https://doi.org/10.1016/j.celrep.2017.09.086

Please cite this article in press as: Domaschenz et al., The Histone Variant H2A.Z Is a Master Regulator of the Epithelial-Mesenchymal Transition, Cell

>

Relative Expression
(mRNA)

—h

0 T T T
shH2A.Z

MDCK  shScrambled

E 3007

2007

1007

Cell Number

B kDa MDCK shScrambled shH2A.Z

— —

Figure 1. Inhibition of H2A.Z Expression
Mimics TGF-f in Inducing EMT

(A) gRT-PCR analyses of H2A.Z gene expression
relative to the Ribosomal Protein Lateral Stalk
Subunit PO (RPLPO) gene in MDCK cells following
72 hr post-transduction with pLVTHM shH2A.Z or
pLVTHM shScrambled vector. Error bars denote
SD of the mean (n = 4; ***p < 0.0005).

(B) Western blot analysis of H2A.Z and H2A protein
expression following H2A.Z knockdown.

(C) Representative phase-contrast photomicro-
graph images of mesenchymal-like changes in
MDCK cells treated with 5 ng/mL TGF-8 for 3 days.
Scale bar, 200 um.

(D) Representative phase-contrast photomicro-
graph images of mesenchymal-like changes in
H2A.Z knockdown cells at 6 days post-trans-
duction. Scale bar, 200 pm.

(E) Cell migration was determined using a
Transwell migration assay for untreated and
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TGF-B-treated MDCK cells (SD of the mean, n = 3;
**p < 0.005).

(F) Cell migration was determined using a
Transwell migration assay for shH2A.Z and
shScrambled transduced cells (SD of the mean,
n = 3; *p < 0.005).

(G) Representative clonogenic formation assay of
untreated or TGF-p-treated MDCK cells (n = 3).
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a short hairpin RNA (shRNA) approach (Figures 1A and 1B). This
cell line has been extensively used as a model system for EMT
because the cells fully convert from the epithelial state to the
mesenchymal state in response to TGF-B (Gregory et al., 2008)
(Figure 1C). MDCK cells were transduced either with the lentiviral
vector pLVTHM shH2A.Z or with a pLVTHM shScrambled vector
for 6 days. Strikingly, MDCK cells depleted in H2A.Z (~2.5 fold)
underwent an EMT-like morphological change, whereas MDCK
cells transduced with pLVTHM shScrambled vector did not (Fig-
ures 1C and 1D) (Figure S1 shows untreated MDCK cells seeded
at a lower cell density).

Quantifiable phenotypic features that distinguish mesen-
chymal cells from epithelial cells include: (1) their ability to
migrate, (2) their inability to form tight and structured colonies,
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shScrambled

(H) Representative clonogenic formation assay of
shH2A.Z- and shScrambled-transduced cells.

() Proliferation of untreated and TGF-p-treated
MDCK cells at days 0, 3, and 5 (SD of the mean,
n = 3; *p < 0.005).

(J) Proliferation of shScrambled and shH2A.Z cells
at days 0, 3, and 4 post-transduction (SD of the
mean, n = 3; **p < 0.005).

See also Figures S1, S2, S3, and S6.

and (3) a slower proliferation rate. To
investigate whether H2A.Z knockdown
MDCK cells are able to migrate, migra-
tion assays were performed using
a Transwell migration chamber. Un-
treated cells, cells treated with TGF-p,
or MDCK cells that were either trans-
duced with pLVTHM shH2A.Z vector
or pLVTHM shScrambled vector were
seeded onto a 0.8-um-pore filter of a Transwell insert and
allowed to migrate. Quantification revealed that the rate of
migration of H2A.Z knockdown MDCK cells was indistinguish-
able from that of cells that were treated with TGF-f (Figures 1E
and 1F). On the other hand, no cell migration was observed for
untreated MDCK cells or cells transduced with pLVTHM
shScrambled vector (Figures 1E and 1F). Colony formation as-
says revealed that untreated MDCK cells or cells transduced
with pLVTHM shScrambled vector formed tightly packed col-
onies, as expected (Figures 1G and 1H). In contrast, MDCK
cells treated with TGF-§ or transduced with pLVTHM shH2A.Z
vector failed to form such structured colonies (Figures 1G and
1H). Finally, knockdown of H2A.Z reduced the rate of cell pro-
liferation in a manner identical to that of MDCK cells treated

shH2A.Z
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with TGF-B (Figures 11 and 1J). Based on these phenotypic
characteristics, we conclude that loss of H2A.Z mimics
TGF-B in inducing complete EMT.

Differential Gene Expression Analysis of EMT Marker
Genes in H2A.Z Knockdown and TGF-3-Treated MDCK
Cells Reveals Highly Similar Transcription Profiles

Does the loss of H2A.Z also mirror the gene expression changes
induced by TGF-B? To investigate this, we first utilized a
custom-made canine EMT real-time PCR array comprising 83
EMT-related genes plus five housekeeping genes (B2M, GISB,
HPRT1, LDHAL6B, and GAPDH). Two biological replicates with
two technical replicates were performed. Untreated MDCK cells,
MDCK cells treated with TGF-B, and MDCK cells transduced
with either shScrambled or shH2A.Z were analyzed (Tables
S1, 82, and S3). Upon treatment with TGF-B for 3 days, the
array revealed that all the important mesenchymal genes
were significantly upregulated, which included SPARC, TWIST1

ZEBZ. IFN1, TGFB-1, CDH2, SERPINE1, SNAI2, WNT5B,
. ITGAV, and VACN. Downregulated genes included
1, MMP9, €HB1, SPP1, PDGFRB, and KRT7. Impor-
these gene expression changes observed in TGF-
ced EMT were mimicked in MDCK cells depleted of
for 6 days. The housekeeping genes did not change
antly (Tables S1, S2, and S3).

we performed a comprehensive differential gene
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Figure 2. Knockdown of H2A.Z Mimics TGF-B in Inducing the EMT
Gene Expression Program

(A) Heatmap showing the behavior (upregulated is indicated in red; down-
regulated is indicated in green) of EMT-genes; epithelial marker genes, and

expression analysis using high-throughput 75-bp paired-end
sequencing of poly(A) selected RNA (in triplicate). To focus spe-
cifically on the EMT program, in this case, we utilized a generic
human 218 gene EMT expression signature that was previously
derived from tumors and cell lines of different origins (Tan et al.,
2014). Of these 218 genes, 211 homologs were identified in the
canine genome. Of these 211 genes, 189 were expressed in
MDCK cells, either in the epithelial state or in the mesenchymal
state. 169 of these were differentially regulated by TGF-B. 34
and 19 genes were upregulated in response to TGF- or H2A.Z
knockdown, respectively (Figures 2A and 2B and summarized
in 2C). On the other hand, 97 and 58 genes were downregulated
in response to TGF-B or H2A.Z knockdown, respectively (Figures
2A and 2B and summarized in 2C).

As observed previously (Tan et al., 2014), EMT appears to
require the repression of many more epithelial genes compared
to the number of genes activated in the mesenchymal state.

mesenchymal marker genes in MDCK cells following treatment with TGF- or
knockdown of H2A.Z for 6 days. Genes with a q value >0.1 are indicated in gray
as “not significant” (N.S.). RNA-seq experiments were performed in triplicate.
(B) The table summarizes the number of differentially expressed genes upon
treatment with TGF-f or knockdown of H2A.Z.

(C) Differentially expressed EMT genes in MDCK cells treated with TGF-B. Log,
fold changes in gene expression are plotted against the inverted logo-trans-
formed q values (adjusted p values for multiple testing). The plots broadly
illustrate that epithelial genes (red) are downregulated and that mesenchymal
genes (blue) are upregulated following both treatments. The expression
changes of H2AFZ (green) and TGF31 (purple) are also shown.

(D) Differentially expressed EMT genes in MDCK cells with H2A.Z knockdown.
Generally, TGF-B treatment has a stronger effect than H2A.Z knockdown on
differential gene expression.

See also Figures S2, S5, and S7 and Tables S1, S2, S3, S4, S5, and S6.
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Further, despite the generation of a generic EMT expression pro-
file, it was observed that a number of these epithelial or mesen-
chymal genes respond in a non-canonical manner, dependent
on the specific cellular context (Tan et al., 2014). This feature
of the EMT gene expression program was also observed here
(Figures 2A and 2B). The expression of 2 and 5 designated
mesenchymal genes were downregulated rather than being
upregulated in response to TGF-f or H2A.Z knockdown,
respectively (Figures 2A and 2B). Similarly, 30 and 17 designated
epithelial genes were upregulated in response to TGF-8 or H2A.Z
knockdown, respectively (Figures 2A and 2B).

To illustrate the magnitude and the statistical significance
(g value) of the changes in gene expression (log» fold change)
upon TGF-f stimulation or H2A.Z knockdown, differential gene
expression volcano plots were produced for all 211 epithelial
and mesenchymal genes (Figures 2D and 2E; Tables S3, S4,
S5, and S6). The repression or activation of key epithelial genes
(EPCAM and E-Gaderin) and mesenchymal genes (TGFB-1 and
N-Caderin) is highlighted for both TGF-B treatment and H2A.Z
knockdown (Figures 2D and 2E). This analysis also revealed
that H2AFZ expression was slightly downregulated (1.2-fold) in
response to TGF-B. Not surprisingly, there is no significant
change in the amount of H2A.Z protein following TGF-f treat-
ment (Figure S2). Therefore, it can be concluded that H2A.Z
itself is not a major target of TGF-, despite the loss of H2A.Z-
inducing EMT.

H2A.Z is encoded by two genes, H2AFZ (H2A.Z.1) and
H2AFV (H2A.Z.2), which were recently shown to have different
roles in malignant melanoma (Nock et al., 2012; Zerbino et al.,
2016), despite differing by only 3 amino-acid residues. We
found that H2AFV was expressed at approximately 30-fold
less than H2AFZ in MDCK cells and that its expression was
not affected by shH2A.Z treatment (data not shown). There-
fore, we conclude that H2AFV has no role in EMT. Further-
more, based on both the real-time PCR array (Tables S1,
S2, and S3) and the RNA-sequencing (RNA-seq) data (Fig-
ure 2), we conclude that the loss of H2A.Z mirrors the overall
gene expression changes induced by TGF-B, although for
some genes, the magnitude of these expression changes is
smaller, which may explain why shH2A.Z-induced EMT is a
slower process compared to treatment with TGF-B (Figures
1C and 1D).

TGF-$ Induces a Loss of H2A.Z from the Promoters of
EMT Marker Genes, which Correlates with Changes in
Gene Expression

How does the loss of H2A.Z mimic TGF- in inducing the EMT
gene expression program? It is conceivable that H2A.Z functions
as a repressor of mesenchymal gene expression and/or as
an activator of epithelial gene expression. To address this
question, we performed H2A.Z chromatin immunoprecipitation
sequencing (ChIP-seq) experiments (in duplicate) on MDCK cells
t.hat Yvere induceTGF_blshould be k-p. The resulting
libraries were sq. . pair nd reads.
The 189 differentitalic including TGF-B1)
were grouped into genes that were either downregulated or
upregulated upon TGF-B treatment. Genes were grouped ac-
cording to expression changes, rather than their classification
(i.e., epithelial or mesenchymal) because, as noted earlier, not
all previously designated mesenchymal and epithelial genes
behaved as expected.

For each group of genes, a single line represents the normal-
ized H2A.Z tag counts (input subtracted) at each base pair,
which has been aligned with the annotated canine transcription
start site (TSS) (1.5 kb) for both untreated and TGF-p-treated
cells (Figures 3A and 3B). Most interestingly, while a clear short
array of H2A.Z- containing nucleosomes is seen at the pro-
moters of both down- and upregulated EMT genes in untreated
MDCK cells (Figures 3A and 3B, green single line), the abun-
dance of H2A.Z within these arrays decreases upon TGF-f treat-
ment (Figures 3A and 3B, purple single line). To analyze this
decrease in H2A.Z in more detail, H2A.Z ChIP-seq difference
profiles (the difference in H2A.Z ChIP signal between TGF-
B-treated and untreated cells) were produced (Figures 3A and
3B, gray single line). Indeed, there was an overall loss of H2A.Z
across both downregulated epithelial and upregulated mesen-
chymal promoters (Figures 3A and 3B). Even more striking, the
repression of epithelial gene expression was associated with
the apparent reduction of the —1 and —2 nucleosomes, while
the activation of mesenchymal gene expression was linked
with the loss of the +1 nucleosome (defined as those nucleo-
somes that display the highest occupancy immediately down-
stream or upstream of the annotated TSS, respectively).

To investigate this further, the correlation between EMT gene
expression and H2A.Z occupation across +1.5 kb from the TSS

Figure 3. H2A.Z Nucleosomes Positioned Upstream or Downstream of the TSS Have Opposing Functions in Gene Expression

(A) Metagene plots of input-subtracted coverage (RPKM) were aligned between —1.5 and +1.5 kb from the TSS for downregulated genes in untreated (MDCK-WT
[wild-type]; green) and TGF-B-treated (TGF-B; purple) MDCK cells. The corresponding difference plot (untreated coverage subtracted from TGF-p-treated
coverage) is shown in gray, in which the shaded areas indicate the propagated SEM. H2A.Z ChlIP-seq experiments were performed in duplicate.

(B) Metagene plots of input-subtracted coverage (RPKM) were aligned between —1.5 and +1.5 kb from the TSS for upregulated genes for untreated (MDCK-WT;
green) and TGF-B-treated (TGF-; purple) MDCK cells. The corresponding difference plot (untreated coverage subtracted from TGF-B-treated coverage) is
shown in gray, in which the shaded areas indicate the propagated SEM. H2A.Z ChIP-seq experiments were performed in duplicate.

(C) Spearman correlation between changes in EMT gene expression and histone variant H2A.Z occupation in 100-bp sliding windows across +1.5 kb from the
TSS. The strongest positive correlation upstream of the TSS approximates the —2 nucleosome position from the TSS. A negative correlation between the H2A.Z
signal and the change in gene expression is displayed downstream of the TSS, at the approximate +1 nucleosome position.

(D) In order to explore which specific genes drive the positive correlation, we plotted the changes in H2A.Z signal against estimated log, fold changes in gene
expression between untreated and TGF-f-treated MDCK cells. At the approximate —2 nucleosome, the epithelial marker EPCAM is among the genes with the
greatest loss of H2A.Z while simultaneously showing approximately —3.5 log, fold change in gene expression.

(E) In order to explore which specific genes drive the negative correlation, we plotted the changes in H2A.Z signal against estimated log, fold changes in gene
expression between untreated and TGF-B-treated MDCK cells. At the +1 position, the master regulator gene of EMT, TGFB1, displayed the most pronounced loss
of H2A.Z, while simultaneously being upregulated (~1.5 log, fold).
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was determined (Figure 3C). This analysis clearly shows a posi-
tive correlation between the repression of gene expression and
the loss of H2A.Z upstream of the TSS. Further, the strongest
positive correlation occurs at the —2 nucleosome (~750 bp up-
stream of the TSS; Figure 3C). On the other hand, there is a nega-
tive correlation between gene activation and the loss of H2A.Z
upstream of the TSS, with one of the strongest negative correla-
tions occurring at the +1 nucleosome position (~500 bp up-
stream of the TSS; Figure 3C). We conclude that TGF-f induces
the loss of H2A.Z from EMT gene promoters, but this leads to
different transcriptional outcomes for epithelial and mesen-
chymal expressed genes. The loss of H2A.Z from the —2 nucle-
osome is correlated with epithelial gene repression, while the
loss of H2A.Z from the +1 nucleosome is associated with
mesenchymal gene activation. These observations can explain
how the knockdown of H2A.Z expression regulates EMT gene
expression.

To explore which epithelial and mesenchymal genes regulate
their expression by specifically losing H2A.Z at the —2 and +1
positions, respectively, we determined the relationship between
the change in gene expression (log, fold change) and the differ-
ence in H2A.Z ChIP signal (reads per million mapped [RPKM]) in
TGF-B-treated and untreated MDCK cells for all 189 EMT genes
(Figures 3D and 3E). For most EMT genes, there is no relation-
ship between changes in gene expression and the loss of
H2A.Z; however, some genes do display this relationship.
Epithelial genes displaying the strongest loss of H2A.Z at
the —2 position, including EPCAM, TSPAN15, FOX1A, and
GRHL2, also show a strong correlation with repression of tran-
scription (Figure 3D). Similarly, a few mesenchymal genes lose
H2A.Z at the +1 nucleosome position, but the most dramatic
loss occurs at the TGFB1 gene promoter (Figure 3E).

Individual H2A.Z ChlP-seq profiles for EPCAM (Figure 4A) and
TGFB1 (Figure 4B) clearly showed the loss of the —2 and +1 nucle-
osomes, respectively. Most interestingly, repression of EPCAM is
associated not only with the loss of the —2 nucleosome but also
with a gain of the +1 nucleosome. Quantitative H2A.Z ChIP-PCR
assays were performed on the EPCAM and TGFB1 promoters
to substantiate these observations (Figure S3). These assays
confirmed the loss of H2A.Z from the +1 position or
the —2 position from the TGFB1 gene promoter or EPCAM pro-
moter, respectively, when MDCK cells were induced with
TGF-B. Significantly, the loss of H2A.Z at these important pro-
moter positions also occurred when MDCK cells were transduced
with pLVTHM shH2A.Z (Figure S3). Notably, H2A.Z knockdown
also resulted in a gain of H2A.Z at the +1 nucleosome position in
the EPCAM promoter, as seen with TGF-p treatment (Figure S3).
These findings confirmed that reducing H2A.Z expression mirrors
the effects of TGF-f treatment. Taken together, these data show
that the loss of the +1 H2A.Z-containing nucleosome is both
necessary and sufficient for the activation of the TGF31 gene.

The induction of TGFB1 gene expression by TGF-B, and its
subsequent excretion, creates an autocrine loop enabling
MDCK cells to stimulate themselves to maintain the mesen-
chymal state. Therefore, the induction of TGF-B expression
caused by the loss of H2A.Z could, in itself, be the primary driver
of EMT. To investigate this, conditioned media were collected
from H2A.Z knockdown (and shScrambled) cells, which had
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been cultured for 2 days, and then added to MDCK cells with
and without the TGF-f inhibitor SB505124 and subsequently
cultured for 4 days (Figure S4). Conditioned media from only
shH2A.Z-transduced MDCK cells induced EMT, which was in-
hibited by SB505124 (Figure S4). This demonstrated that the
loss of H2A.Z produces the TGF-B autocrine loop.

To determine whether this production of endogenous TGF-B is
sufficient to induce EMT when H2A.Z expression is inhibited, we
added the TGF-f inhibitor SB505124 immediately following the
transduction of MDCK cells with the lentiviral vector pLVTHM
shH2A.Z (Figure S5). The addition of SB505124 inhibited the
phenotypic changes associated with EMT, showing that, indeed,
the ability of shH2A.Z to induce EMT is primarily due to its capac-
ity to activate TGFB1 gene expression and the autocrine loop
(Figure S5). However, despite inhibiting the action of TGF-p by
this inhibitor, the loss of H2A.Z in MDCK cells still downregulated
EPCAM expression (Figure S5). On the other hand, the loss of
H2A.Z in the presence of SB505124 did not affect the expression
of FN1 (Figure S5). While the EPCAM promoter is directly
regulated by H2A.Z, the FN1 promoter is not (Figure 3D). This
suggests that the ability of shH2A.Z to promote EMT is a combi-
nation of inducing the TGF- autocrine loop and directly regu-
lating key EMT genes.

To investigate whether H2A.Z can control EMT in other cellular
contexts, we used MCF10A cells (a human mammary epithelial
cell line). Using the same lentiviral system as that used in
MDCK cells, the knockdown of H2A.Z, indeed, induced EMT-
associated phenotypic and gene expression changes—most
notably, the activation of TGF-$ expression (Figure S6). Taken
together, these results strongly support H2A.Z as being a univer-
sal regulator of EMT.

Finally, to investigate which transcription factors might be
involved in mediating TGF-B-induced transcriptional changes
in MDCK cells, we computationally identified the transcription
factor binding sites present in the promoters of the 211 canine
EMT genes analyzed by RNA-seq in Figure 2. To do this, we first
searched for the annotated transcription factor binding sites in
the promoters of the 218 genes that constitute the human EMT
gene signature (Tan et al., 2014). We found 35 transcription fac-
tor binding motifs for 24 transcription factors in the promoters of
the 218 human EMT genes. Of these, the binding motifs of
20 canine homologs were present in the promoters of the 211
canine EMT genes (Figure S7). Next, we determined how the
expression of these transcription factors changed upon TGF-
treatment (Fable-S7). Significant changes in the expression of
some of these transcription factors occurred. The transcriptional
activator AP1 family (FOS, JUN, and JUND) was downregulated,
while USF, SRF, MEF2A, MAX, and ZEB-1 were upregulated,
suggesting that these transcription factors may play an impor-
tant role in the control of the EMT-associated transcriptional
changes in MDCK cells.

DISCUSSION

To date, no master epigenetic regulator of EMT has been identi-
fied. Our data indicate that H2A.Z can simultaneously regulate
the expression of epithelial and mesenchymal genes. Specif-
ically, TGF-B induces the loss of H2A.Z from the promoter
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Figure 4. H2A.Z Coordinates EMT by Serving as Both an Activator and Repressor of Epithelial and Mesenchymal Gene Expression
(A) Coverage plots of input-subtracted H2A.Z signal (RPKM) across the TSS of EPCAM for untreated MDCK cells (MDCK-WT; green) and TGF-p-treated MDCK
cells (TGF-B; blue).

(B) Coverage plots of input-subtracted H2A.Z signal (RPKM) across the TSS of TGFB1 for untreated MDCK cells (MDCK-WT; green) and TGF-B-treated MDCK
cells (TGF-B; blue).

(C) TGF-B regulates both 1|ta||C xpression by inducing the loss of H2A.Z. The loss of H2A.Z upstream or downstream of the TSS
correlates with gene repr . . r EpCAM, gene repression is also associated with the formation of a +1 H2A.Z-containing
nucleosome.

See also Figures S3 and S4.
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regions of both epithelial and mesenchymal genes, but the
functional outcomes of this loss are different; epithelial genes
become repressed, while mesenchymal genes (most notably,
TGFB1) are activated. This can be explained by the observation
that H2A.Z nucleosomes positioned at different locations in a
promoter can have different functions, i.e., the —2 nucleosome
is involved in gene activation, whereas the +1 nucleosome is
linked to gene repression. This TGF-B-induced loss of H2A.Z
from both epithelial and mesenchymal promoters is mimicked
by the inhibition of H2A.Z expression (Figure S3).

It has been suggested that, in certain contexts, the +1 H2A.Z-
containing nucleosome may form a barrier for RNA polymerase Il
(Kumar and Wigge, 2010; Mao et al., 2014; Soboleva et al.,
2014). For example, it was also recently shown that +1 H2A.Z-
containing nucleosomes are involved in the repression of mem-
ory-promoting genes in the hippocampus (Zovkic et al., 2014).
We suggest that this differential function of a H2A.Z nucleosome,
dependent on where it sits (upstream or downstream of the TSS),
represents a previously unknown mechanism of epigenetic con-
trol (Figure 4C). These results also demonstrate that different
promoters can have different types of H2A.Z-containing pro-
moter organizations. For example, the active EPCAM promoter
lacks a —1 H2A.Z-containing nucleosome, while an active
TGFB1 promoter lacks H2A.Z all together. Notably, the EPCAM
promoter also gains a +1 H2A.Z nucleosome when it becomes
repressed (Figures 3 and S3). Concerning the loss of H2A.Z
from EMT promoters induced by TGF-B, we cannot exclude
the possibility that this loss is not complete, i.e., homotypic
H2A.Z-H2A.Z nucleosomes may convert to unstable heterotypic
H2A.Z-H2A nucleosomes rather than canonical H2A-H2A nucle-
osomes (Nekrasov et al., 2012). Taken together, we suggest that
H2A.Z has an important role in maintaining the epithelial state,
because its removal from certain promoters causes de-differen-
tiation, to the mesenchymal state. This is consistent with the
finding that H2A.Z appears to regulate the expression of many
more epithelial genes compared to the number of mesenchymal
genes (Figure 3).

One key gene that H2A.Z regulates is the TGFB1 gene itself.
Knocking down H2A.Z expression induced the TGF-f autocrine
loop. However, in the presence of a TGF-B inhibitor, the expres-
sion of EPCAM was still inhibited. This shows that shH2A.Z can
regulate the expression of EPCAM independently of TGF-p.
Therefore, we suggest that the ability of shH2A.Z to promote
EMT is a combination of inducing the TGF-B autocrine loop as
well as directly regulating important EMT genes.

TGF-B induces EMT by activating major signaling pathways
and transcription regulators to create intricate signaling networks
(Zavadil and Bottinger, 2005). ATP-dependent remodeling com-
plexes that deposit (SRCAP and P400) and potentially evict
(INO80) H2A.Z (Billon and Coté, 2013) regulate the occupancy
of H2A.Z at promoters. We suggest, based on the finding that
H2A.Z is removed from EMT genes upon TGF-B stimulation,
that we have uncovered a new connection between the TGF-$
signaling pathway and these remodeling complexes. Ultimately,
transcription factors might be responsible for the targeting of
SRCAP, P400, and, possibly, INO80 to promoters (Gévry et al.,
2007). Given that the EPCAM promoter has an AP1 binding site
adjacent to the —2 nucleosome position (at —600 bp downstream
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of the TSS; data not shown) and that AP1 is downregulated upon
TGF-B treatment, a speculative suggestion is that AP1 might re-
cruit SRCAP and/or P400 to deposit H2A.Z on the EPCAM pro-
moter but only in the epithelial state. A previous study concluded
that AP1 has a critical role in EMT (Cieslik et al., 2013). Alterna-
tively, given the global reduction of the repressive H3K9me2
mark (McDonald et al., 2011), TGF-B may increase the general
dynamics of chromatin, thus facilitating the exchange of H2A.Z
from the promoters of EMT genes to allow transcription factors
(repressors or activators) to bind. Future experiments will explore
these non-mutually exclusive possibilities.

The findings of this study will have important implications in
understanding cancer progression, given that the conversion
of epithelial cells to mesenchymal cells is required for tumor
metastasis. However, the role of H2A.Z in cancer (Svotelis
et al., 2010) may be even more complex than first envisaged; it
was recently shown that the knockdown of H2A.Z expression
in human liver cancer cell lines inhibits the expression of fibro-
nectin (a mesenchymal marker gene) and activates E-cadherin
expression (an epithelial marker gene) (Yang et al., 2016), which
contrasts with our observations. Taken together, these findings
suggest that the function of H2A.Z may change during cancer
progression, according to cancer type. Finally, we previously
showed that H2A.Z is essential for early mouse and Xenopus
development, but until now, the reason remained unresolved.
A central role for H2A.Z in the EMT process, as well as being
required for chromosome segregation (Rangasamy et al,
2004), may provide answers to this long-standing question.

EXPERIMENTAL PROCEDURES

Cell Culture, shRNA Transfection, and Lentiviral Expression

The culture of HEK293T, MDCK, and MCF10A cells and the derivation and
culture of stable knockdown pLVTHM shH2A.Z and pLVTHM shScramble
cell lines are described in the Supplemental Experimental Procedures. For
EMT induction, MDCK cells were treated with 5 ng/mL TGF-B1 (R&D Systems).
Conditioned media were obtained from transduced cells at 75% confluence
after 2 days in culture and added to MDCK cells at day 0. After 2 days of
culture, equal numbers of cells were re-seeded and cultured in conditioned
media in the presence or absence of 1 mM TGF-B1 receptor inhibitor
SB505124 (Sigma) and analyzed at day 4.

Proliferation Assay
Cells were seeded in triplicate in six-well plates at 1 x 10° cells per well. Cells
were counted using a hemocytometer.

Real-Time qPCR

Equal amounts of RNA were reverse transcribed to cDNA using the Super-
script Il First-Strand Synthesis Kit (Invitrogen), as per manufacturer’s instruc-
tions. gPCR was conducted with the 7900HT Fast Real-Time PCR System
using SYBR Green | Master Mix (Applied Biosystems) and 0.15 mM primers.
We utilized a customized canine Epithelial to Mesenchymal Transition (EMT)
RT? Profiler PCR Array from SA Biosciences comprising 83 EMT-related genes
and 5 housekeeping genes. For description and further details, see the
Supplemental Experimental Procedures.

Western Blotting

Cells were lysed in buffer containing 250 mM Tris-HCI (pH 6.8), 40% (v/v) glyc-
erol, 5% (w/v) SDS, 0.005% (w/v) bromophenol blue, and 10% B-mercaptoe-
thanol. Western blot analysis was performed using standard protocols, and the
following antibodies were used as probes: Anti-H2A.Z (Rangasamy et al.,
20083) and Anti-H2A (Abcam, 18255).
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Migration and Clonogenic Assay

For migration assay, 1 x 10° cells were seeded into the Transwell migration
chamber according to the manufacturer’s instructions (Costar) with 10% fetal
bovine serum (FBS) in media added as chemoattractant to the wells of the
chamber for 4 hr. For clonogenic assay, equal numbers of cells were seeded
in triplicate in six-well plates for 10 days. Detailed information is provided in
the Supplemental Experimental Procedures.

RNA-Seq Library Preparation, Sequencing, Data Processing, and
Analysis

Stranded mRNA sequencing (MRNAseq) libraries were constructed according
to the lllumina TruSeq Stranded mRNA protocol with poly(A) enrichment
(Ilumina). Libraries were sequenced with 2 X 75 bp paired-end reads on an
lllumina NextSeq 500 instrument in high-output mode at the Biomolecular
Research Facility of the Australian Cancer Research Foundation, Canberra,
Australia. Detailed information about data analysis is provided in the Supple-
mental Experimental Procedures and all computer code, consisting of “snake-
make” workflow files and R scripts, used in the preparation of this article is
accessible at https://github.com/JCSMR-Tremethick-Lab/H2AZ_EMT.

ChIP and ChIP-Seq

ChIP assays and preparation of ChIP-seq libraries were carried out as
described in Nekrasov et al. (2012). Libraries for ChIP-seq of DNA were
prepared using the ChlP-Seq Sample Prep Kit (lllumina), according to the
manufacturer’s protocol. DNA from input nucleosomes and H2A.Z ChIP was
sequenced on an lllumina NextSeq 500 instrument using 75-bp paired-end
reads in high output mode. For further details, see the Supplemental Experi-
mental Procedures.

ChIP-Seq Data Analysis

The complete workflow consisting of quality checks, adaptor trimming, read
alignment, quality filtering, de-duplication, and processing with deepTools
was implemented in “snakemake” and can be accessed at https://github.
com/JCSMR-Tremethick-Lab/H2AZ_EMT.

Combined Analysis of RNA-Seq and ChIP-Seq Data

All steps of the analysis were performed using R/Bioconductor (3.3.1/3.4).
A completely annotated version of the analysis code can be accessed
at https://github.com/skurscheid/MDCK_EMT _paper in the form of an
R Notebook.

Transcription Factor Analysis

In order to determine the involvement of specific transcription factors (TFs) in
the regulation of EMT genes in TGF-B-treated MDCK cells, we first used the
Ensembl Regulation (Zerbino et al., 2016) database to identify transcription
factors with binding sites in the promoter of 218 EMT genes (Tan et al,
2014). Ensembl Regulation also provides identifiers for position-weighted
matrices (PWMs) representing the conserved DNA motifs associated with
transcription factor binding. The PWMs were then used to search the pro-
moters of canine EMT genes for predicted binding sites. Canine transcription
factors associated with EMT genes were then classified as “upregulated” if
their beta values were >0 and their q values were <0.05; as “downregulated”
if their beta values were <0 (g < 0.05); or as not significant if their g values
were >0.05.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is
ArrayExpress: E-MTAB-5628. The accession number for the ChlP-seq data
reported in this paper is ArrayExpress: E-MTAB-5637.
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Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and six tables and can be found with this article online at
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