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Abstract

An epithelial-mesenchymal transition (EMT) represents a basic morphogenetic process of high cell plasticity underlying
embryogenesis, wound healing, cancer metastasis and drug resistance. It involves a profound transcriptional and epigenetic
reprogramming of cells. A critical role of epigenetic modifiers and their specific chromatin modifications has been
demonstrated during EMT. However, it has remained elusive whether epigenetic control differs between the dynamic cell
state transitions of reversible EMT and the fixed differentiation status of irreversible EMT. We have employed varying EMT
models of murine breast cancer cells to identify the key players establishing epithelial-mesenchymal cell plasticity during
reversible and irreversible EMT. We demonstrate that the Mbd3/NuRD complex and the activities of histone deacetylases
(HDAC:S), and Tet2 hydroxylase play a critical role in keeping cancer cells in a highly metastatic mesenchymal state.
Combinatorial interference with their functions leads to mesenchymal—epithelial transition (MET) and efficiently represses

metastasis formation by invasive murine and human breast cancer cells in vivo.

Introduction

Epithelial-mesenchymal transition (EMT) is a critical
morphogenetic process during embryonic development and
wound healing [1-4]. The dynamic transitions from an
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epithelial to a mesenchymal cell state have also been shown
to promote cancer cell stemness and tumorigenicity, cancer
cell invasion, metastatic dissemination, and drug resistance
[2, 4-6]. The profound changes in gene expression and the
high cell plasticity accompanying the dynamic process of
EMT and its reversion, mesenchymal—epithelial transition
(MET), imply a key role of the rearrangement of chromatin
states by epigenetic modifications [7, 8]. While the impor-
tance of epigenetic modifications and the respective
chromatin-modifying enzymes has been documented [7, 8],
the actual contribution of epigenetic changes to
epithelial-mesenchymal cell plasticity, notably to the
reversibility or irreversibility of EMT, is poorly understood.

Histone deacetylases (HDACS) catalyze the removal of
acetyl groups from lysine residues of histones, leading to
chromatin condensation and repression of gene expression
[9]. The inhibition of HDAC activity has been implicated in
the conversion of mesenchymal cells into an epithelial state
in breast, ovarian, bladder, and pancreatic cancer cells
[10-12]. HDAC:S, in particular HDAC1 and HDAC?2, pre-
dominantly function as components of stable multi-protein
complexes, including CoREST, Sin3a, and NuRD, and
thereby are recruited to specific target genes [13—15]. For
example, lysine-specific demethylase 1 (Lsdl) forms a
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complex with Sin3a to maintain the epithelial state and
thereby to inhibit breast cancer invasiveness and stemness
[16]. Lsdl also exerts its metastasis inhibition function by
acting as an integral component of the Mi-2/nucleosome
remodeling and deacetylase (NuRD) complex in breast
cancer [17]. In the context of an EMT, the transcription
factor Snail represses the E-cadherin (Cdhl) gene by
forming complexes with Sin3a [18] and NuRD complexes
[19]. The HDACI1/2-containing NuRD complex is also
bound by master regulators of EMT, such as Twist and
Zeb?2, and directed to the promoter region of the E-cadherin
(Cdhl) gene to silence its expression [20, 21].

NuRD complexes can be formed by various combinations
of different subunits to provide functional specificity, an
example being the HDACI and HDAC2-containing Methyl-
CpG-binding domain 3 (Mbd3)/NuRD complex [22]. Mbd3 is
a non-enzymatic component of the Mbd3/NuRD complex
with critical functions in lineage commitment of embryonic
stem (ES) cells [23, 24]. Underscoring its crucial function in
regulating cell plasticity, the Mbd3/NuRD complex serves as a
molecular block, and the depletion of Mbd3 allows a more
efficient conversion of mouse embryonic fibroblasts (MEFs)
into induced pluripotent stem (iPS) cells [25].

Mammalian Mbd3 is the only Mbd family protein that is
not able to recognize methylated CpG dinucleotides due to an
amino acid change in the Mbd domain [26, 27]. It has been
reported that Mbd3 is able to recognize 5-
hydroxymethylcytosine (ShmC) sites and recruit Mbd3/
NuRD to these sites in mouse ES cells by binding to Tetl
[28], a member of the Tet hydroxylase family. Tetl, 2, and 3
hydroxylases contribute to active DNA demethylation by
catalyzing the sequential oxidation of methylated cytosines
(5mC) to 5-hydroxymethylcytosine (ShmC), 5-formylcytosine
(5fC), S-carboxylcytosine (5caC), and decarboxylation to
unmodified cytosine [29, 30]. However, it has been also
suggested that Mbd3-binding to DNA does not depend on
S5hmC [31]. On the other hand, Tet hydroxylases have been
implicated in the initiation of MET as a prerequisite for MEFs
to undergo iPS cell reprogramming [32]. Here, using cellular
models of fixed, irreversible EMT and of reversible EMT, we
have delineated the central role of HDACs, the Mbd3/NuRD
complex and Tet2 hydroxylase in the maintenance of the
mesenchymal state of murine breast cancer cells in vitro and
primary tumor growth and metastasis in vivo.

Results
Generation of a fixed, irreversible EMT system
We set out to establish in vitro model systems to investigate

the dynamic transitions underlying reversible EMT as com-
pared with irreversible EMT. As a model for a reversible EMT

we used Py2T murine epithelial mammary carcinoma cells
which upon treatment with TGFP for >10 days underwent a
full EMT, while when depleted of TGFp readily revert to their
epithelial state [33]. Contrasting this reversible EMT model,
we generated an in vitro irreversible EMT model (adapted
from reference [34]). Py2T cells were supplemented with
MEGM media (mammary epithelial cell growth media) at
different concentrations (0, 0.5, 3, 7%) of fetal bovine
serum (FBS) to generate irreversible EMT cells (Supple-
mentary Fig. Sla). Among the concentrations tested, 7%
FBS-supplemented MEGM media led to an efficient
generation of mesenchymal phenotype cells in the
absence of TGFp (Supplementary Fig. Sla). However,
even with an extended period of induction of mesenchy-
mal morphology (up to 20 days) with 7% FBS MEGM
media, upon changing to normal growth media (10% FBS
in DMEM) the mesenchymal cells reverted to an epithelial
state (Supplementary Fig. Sla,b). We therefore extended
the duration of culturing Py2T cells in 7%FBS MEGM
medium to 3 months, when the cells retained their
mesenchymal morphology upon subsequent culture in
normal growth media (Fig. la). Of these, individual
mesenchymal phenotype cells were expanded as cell
clones which stably maintained their mesenchymal phe-
notype (referred to as M clone cells M1, M2, and M3; Fig.
la, b). In contrast, long-term TGFp-treated Py2T cells
(referred to as Py2T-LT cells) reverted to their epithelial
state, when TGFp was withdrawn from the culture med-
ium (referred to as Py2T-LT MET cells; Fig. 1b).

The M clone cells stably expressed genes associated with
a mesenchymal state, including fibronectin (Fnl), vimentin
(Vim), N-cadherin (N-cad), Snail, Zebl, and Twistl,
whereas epithelial genes, such as E-cadherin (E-cad), were
only found at low levels (Fig. 1c, d). Py2T cells treated with
TGFp (Py2T-LT) also expressed mesenchymal markers, yet
upon TGFp withdrawal the cells regained the expression of
E-cad and lost the expression of Fnl, Vim, N-cad, Snail,
Zebl, and Twistl (Py2T-LT MET cells; Fig. lc, d).
Immunofluorescence analysis revealed that M clone cells
maintained their mesenchymal state by expressing Vim and
lacking E-cad at the cell membranes, similar to Py2T-LT
cells. By contrast, Py2T-LT MET cells lost Vim expression
and re-expressed E-cad at the cell membranes (Fig. le).
These results show that TGFf-induced Py2T-LT cells revert
from a mesenchymal state to an epithelial state upon
withdrawal of the EMT inducer TGFp, while M clone cells
sustain their mesenchymal phenotype in basal culture con-
ditions even in the absence of TGFf.

M clone cells are highly tumorigenic and metastatic

Next, we assessed the tumorigenic potential of Py2T-LT
and M clone cells by orthotopic transplantation into the
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mammary fat pads of immunodeficient NOD/Scid;common
v receptor '~ (NSG) mice. M1 and M3 clone cells showed
significantly faster tumor growth than Py2T-LT cells (Fig.
2a). Immunofluorescence analysis revealed low E-cad
expression and high Vim expression in tumors of both
Py2T-LT and M clone cells (Fig. 2b), indicating that they
formed mesenchymal phenotype tumors in vivo, most likely
due to the local production of TGFf by the inflammatory
tumor microenvironment [33]. Almost all mice bearing M
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clone tumors developed macroscopic lung metastases, while
only 50% of the mice bearing Py2T-LT tumors showed
metastatic lesions (Fig. 2c). Upon tail vein injection of
Py2T-LT, M1, and M3 clone cells, all mice developed
metastasis, however, the M clone cells initiated a strikingly
higher number of metastases and larger metastatic lesions in
the lungs as compared with Py2T-LT cells (Fig. 2d—f).
Orthotopic injection of limiting dilutions of cells into
immunodeficient BALB/c Rag2™’~; common y receptor '~
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<« Fig. 1 In vitro characterization of irreversible EMT cells (M clone

cells). a Scheme of the generation of an irreversible EMT system (M
clone cells). Phase-contrast microscopy of Py2T cells cultured in 7%
FBS MEGM media for 3 months, subsequently cultured in 10% FBS
DMEM for 37 days, respectively. Scale bar, 100 um. b Phase-contrast
microscopy of Py2T cells, Py2T cells treated for >20 days with TGF
(Py2T-LT), Py2T-LT cells upon TGFp withdrawal (Py2T-LT MET),
and M1, M2, and M3 clone cells. Scale bar, 100 pm. ¢ Expression of
E-cadherin (E-cad), fibronectin (Fnl), Snail, Zebl, Twistl was deter-
mined by quantitative RT-PCR in Py2T, Py2T-LT, and Py2T-LT
MET cells and in M1, M2, and M3 clone cells. Fold changes are
related to expression levels in Py2T cells. Data are displayed as mean
+ SEM. Statistical values were calculated using a paired, two-tailed #-
test. *P <0.05; **P <0.01, **¥*P <0.001; ****P <0.0001. d Expres-
sion of fibronectin (Fnl), N-cadherin (N-cad), E-cadherin (E-cad), and
Vimentin (Vim) was determined by immunoblotting in Py2T, Py2T-
LT, and Py2T-LT MET cells and in M1, M2, and M3 clone cells.
Immunoblotting for GAPDH was used as a loading control.
e Immunofluorescence microscopy analysis of changes in the locali-
zation and expression levels of marker proteins in Py2T, Py2T-LT, and
Py2T-LT MET cells and M1, M2, and M3 clone cells. Cells were
stained with antibodies against the epithelial marker E-cadherin (E-
cad) and the mesenchymal marker vimentin (Vim). DAPI was used to
visualize nuclei. Scale bar, 50 um

(RG) mice revealed that M clone cells exhibited a sig-
nificantly higher tumor-initiating capability than Py2T-LT
cells (Fig. 2g) and that all tumors formed by M clone cells
could be serially transplanted (Fig. 2h). These data
demonstrate a higher ability of irreversible EMT cells to
initiate tumors and to colonize the lung as compared with
reversible EMT cells.

HDAC inhibition causes a partial MET in M clones

We next assessed whether the maintenance of the
mesenchymal state of M clone cells depended on epigenetic
regulators and modifications. We screened a number of
epigenetic inhibitors for a reversion of M clone cells to an
epithelial state, including 3-Deazaneplanocin A (DZNep), a
pharmacological inhibitor of the histone methyltransferase
Ezh2 [35], a key player in the initiation of an EMT [36], the
DNA methylation inhibitor 5-Aza-2’-deoxycytidine (DAC)
[37], and the HDAC inhibitor Trichostatin A (TSA) [38].
Among these, only TSA induced morphological changes
toward an epithelial state in M clone cells, concomitant with
a marked increase in the expression of E-cad, yet no sig-
nificant change in the expression of Fnl and N-cad (Sup-
plementary Fig. S2a—d). These results indicated that histone
deacetylation played a critical role in maintaining the
mesenchymal phenotype of M clone cells. Bisulfite pyr-
osequencing of the E-cad gene promoter in reversible and
irreversible EMT cells did not show any significant change
in the extent of methylated CpG islands (Supplementary
Fig. S2e), indicating that changes in DNA methylation were
not accountable for the difference between a reversible and
an irreversible EMT. The more specific inhibitor of Ezh2

methyltransferase activity EPZ005687 [39] also did not
elicit any changes in cell morphology or EMT marker
expression (Supplementary Fig. S2f, g).

Based on the roles of HDAC Class I inhibitors in the
reversion of EMT in pancreatic cancer cells [40] and our
results with TSA, we treated Py2T-LT cells and M clone
cells with two more HDAC inhibitors, the selective HDAC
Class I inhibitor Tacedinaline (CI994) and the non-selective
HDAC inhibitor Panobinostat (LBH589) [41]. Consistent
with the gain of an epithelial morphology, the efficient
inhibition of HDAC activities by CI994 and LBHS589
increased E-cad and Claudin4 (Cldn4) protein and mRNA
expression in all M clone cells, yet with varying effects in
mRNA and protein expression of the mesenchymal markers
N-cad, Fnl, Vim, and Zeb1 (Fig. 3a—c; Supplementary Fig.
S3a—c). In comparison, despite an efficient inhibition of
HDAC activity, Py2T-LT cells showed no obvious altera-
tions in E-cad, Fnl, N-cad, and Vim protein and mRNA
expression upon treatment with CI994 or LBH589 (Fig.
3a—c). Also, E-cad was localized to cell membranes in M
clone cells treated with CI994 and LBH589, while Vim
expression was maintained, and no change was observed in
Py2T-LT cells treated with HDAC inhibitors in the presence
of TGFp (Fig. 3d, Supplementary Fig. S3d).

These results indicate that M clone cells can be partially
reverted to an epithelial state by HDAC inhibition, while
Py2T-LT cells only revert to an epithelial phenotype upon
withdrawal of TGFp.

The Mbd3/NuRD complex is critical for a
mesenchymal state

We next assessed how HDACs were involved in the reg-
ulation of epithelial-mesenchymal plasticity. It is well
established that multimeric protein complexes facilitate
HDAC functions [15]. For example, the Mbd3/NuRD
complex exerts its activity at least in part via HDACs and
plays a critical role in the efficient reprogramming of MEFs
into iPS cells [25]. Since a MET has been shown critical
during efficient iPS cell reprogramming [42], we tested
whether Mbd3 contributed to the fixed mesenchymal state
of M clone cells. Indeed, RNAi-mediated depletion of
Mbd3 led to an epithelial morphology of M3 clone cells
with increased expression of E-cad and Cldn4, accompanied
by reduced expression of Vim, Fnl, and transcription fac-
tors Zebl, Snail, and Twistl but not N-cad and Zeb2 (Fig.
4a—c, Supplementary Fig. S4a). Furthermore, the lack of
Mbd3 expression in M3 clone cells provoked the conver-
sion of mesenchymal stress fibers into epithelial cortical
actin, a reduction in Vim expression and the localization of
the epithelial markers E-cad and ZO-1 at cell—cell junctions
(Fig. 4d). In contrast, stable depletion of Mbd3 in Py2T-LT
cells did neither affect their mesenchymal cell morphology

SPRINGER NATURE
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nor marker expression (Fig. 4a—d, Supplementary Fig. S4a).
Transient depletion of Mbd3 by the transfection of siRNAs
elicited similar changes in EMT marker expression and
subcellular localization in M3 clone cells, yet at lower
efficiency (Supplementary Fig. S4b—e). Moreover, deple-
tion of MBD3 in mesenchymal, metastatic MDA-MB-231-
LM2 human breast carcinoma cells led to a substantial
increase in E-cad, yet with no detectable changes in Vim

SPRINGER NATURE
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protein levels (Supplementary Fig. S4f). Taken together
these results indicate that Mbd3 plays a critical role in
sustaining the mesenchymal state not only in murine M
clone cells but also in MDA-MB-231-LM2 human breast
cancer cells.

Using RNA sequencing we compared the genes that are
differentially expressed between shControl and shMbd3-
expressing M3 clone cells (shMbd3 vs. shControl) to the
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<« Fig. 2 Tumorigenicity of irreversible M clone cells. a Primary tumor

growth in the mammary fat pad of female immunodeficient NOD/scid;
common Yy receptor’/’ (NSG) mice transplanted with 10° cells of
Py2T-LT cells and M1 and M3 clone cells. Data are displayed as mean
tumor volumes + SEM. b Immunofluorescence staining of tumors
formed by Py2T-LT cells and M1 and M3 clone cells for E-cadherin
(E-cad) and vimentin. DAPI staining was used to visualize nuclei.
Scale bar, 50 pm. ¢ Numbers of lung metastases per mouse trans-
planted orthotopically with Py2T-LT cells and M1 and M3 clone cells
as described in a. d Representative macroscopic photographs of lungs
taken 17 days post injection of 10° Py2T-LT cells or M1 and M3 clone
cells into the tail vein of NSG mice. Means of the numbers of
metastases and the percentages of the metastasis area per lung tissue
area per mouse were quantified. e Quantification of the incidence and
area of lung metastasis in the mice described in d. f Comparison of the
incidence of lung metastasis of Py2T-LT cells and M1 and M3 clone
cells injected into the mammary fat pad or intravenously into the tail
vein. g Tumor incidence assessed by transplantation of Py2T-LT cells
or M1 and M3 clone cells in limiting dilutions (1000, 100, 10 cells)
into the mammary fat pads of female immunodeficient Rag~'~; com-
mon y receptor’/ ~ (RG) mice. * represents the delayed tumor forma-
tion by Py2T-LT cells as compared with tumors initiated by M1 and
M3 clone cells. The experiment was terminated 191 days post injec-
tion. h Tumor incidence of serial transplantation of fragments of
tumors formed by M1 and M3 clone cells in the limiting dilution assay
described in f. Statistical significance was calculated using a
Mann—Whitney U test. ¥*P <0.01; ***P <(0.001; ****P <(0.0001

genes that are differentially expressed between Py2T-LT
and M3 clone cells (M3 vs. Py2T-LT) and identified 1351
genes to be specific for the Mbd3-dependent stable
mesenchymal state (Supplementary Fig. S4g). Interestingly,
the majority of these genes (940 out of 1351) were oppo-
sitely regulated by the depletion of Mbd3 (Supplementary
Fig. S4h). These results indicate that Mbd3 affects a wide
range of genes to maintain the irreversible mesenchymal
state of M clone cells.

The transcription factors Snaill and 2 [43, 44], Zebl
[45-47], Zeb2 [47, 48], and Twist [49, 50] have been shown
to regulate EMT by direct transcriptional repression of E-
cad, in part by forming a complex with Mi2/NuRD [19-21].
Therefore, we analyzed the mRNA and protein expression
levels of EMT markers and Mbd3 in Snaill, Zebl, Zeb2,
and Twistl-depleted Py2T-LT and M clone cells. The
depletion of Zebl, but not Snaill, Zeb2, and Twistl led to
an increase in mRNA and protein expression levels of E-cad
in Py2T-LT and M clone cells, yet without reducing the
expression of mesenchymal markers or of Mbd3 (Supple-
mentary Fig. S5a-1, S6). These results indicate that Zebl
represses E-cad in both reversible and irreversible
EMT cells.

Tet2 is required for the maintenance of the
mesenchymal cell state

Motivated by the report that ShmC was critical for the
recruitment of the Mbd3/NuRD complex to its target genes in

embryonic stem cells [28], we assessed whether Tet family
hydroxylases played a role in maintaining the mesenchymal
phenotype of M clone cells. Consistent with the report that
Mbd3 specifically enhanced the enzymatic activity of Tet2 but
not Tetl and Tet3 [51], stable ShARNA or transient siRNA-
mediated depletion of Tet2 in M3 clone cells provoked their
conversion to an epithelial cell morphology with elevated
expression of E-cad and Cldn4 and reduced expression of
Vim, Fnl, N-cad, and Zebl (Fig. 5a—c; Supplementary Fig.
S7a,b). Moreover, the localization of E-cad and ZO-1 at
cell—cell junctions, accompanied by cortical actin formation
and reduced Vim expression was apparent in shTet2-
expressing or siRNA-transfected M3 clone cells (Fig. 5d;
Supplementary Fig. S7c). In contrast, knockdown of Tet2 in
Py2T-LT cells did neither affect cell morphology nor EMT
marker expression (Fig. 5a—d; Supplementary Fig. S7a—c).
Depletion of Snaill, Zebl, Zeb2, and Twistl in Py2T-LT and
M clone cells revealed that only Snaill affected the expression
of Tet2 in M clone cells (Supplementary Fig. S5a-1). Toge-
ther, the results indicate that Tet2 is a critical player in the
maintenance of a mesenchymal state in irreversible EMT cells.

Comparative gene expression analysis by RNA sequen-
cing revealed that 1116 genes were directly affected by Tet2
when comparing genes changing in their expression upon
depletion of Tet2 in M3 clone cells (shTet2 vs shControl)
and genes differentially expressed between M3 clone cells
and Py2T-LT cells (M3 vs Py2T-LT) (Supplementary Fig.
S7d). Similar to the depletion of Mbd3, the majority of
these genes (760 out of 1116) were oppositely regulated by
the loss of Tet2 expression (Supplementary Fig. S7e),
indicating a profound function of Tet2 and Mbd3 in
maintaining a mesenchymal cell state.

Combinatorial targeting of HDACs and Mbd3 or Tet2

We next tested whether a combination of pharmacological
HDAC inhibition and the ablation of Mbd3 or Tet2
expression provided an additive effect in the reversion of M
clone cells to an epithelial state. The combination of the
shRNA-mediated ablation of Tet2 or Mbd3 with the treat-
ment with CI994 in M3 clone cells showed an increased E-
cad expression accompanied by the loss of Vim and Fnl
expression, as compared with the individual treatments
alone (Fig. 6a). Interestingly, the ablation of either Tet2 or
Mbd3 caused an upregulation of H3 acetylation levels even
in the absence of CI994, indicating the depletion of Tet2 and
Mbd3 reduced HDAC activity (Fig. 6a), likely by disrupting
Mbd3/NuRD complexes. M3 clone cells depleted of Tet2 or
Mbd3 expression already showed an epithelial cell mor-
phology and change in EMT marker expression which only
moderately increased upon combination treatment with
CI994 (Fig. 6a, b; Supplementary Fig. S8a). Yet, the com-
bination treatment induced a more efficient localization of E-

SPRINGER NATURE
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cad and ZO-1 at cell-cell junctions and the formation of
cortical actin while enhancing a reduction in Vim expres-
sion, as compared with the treatments alone (Fig. 6c,

SPRINGER NATURE

Supplementary Fig. S8b). In contrast, while the combina-
torial treatment of Py2T-LT cells induced a slight increase in
E-cad expression and reduction in Fnl and N-cad expression
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Fig. 3 HDAC inhibition induces a partial MET in M clone cells. a The
protein levels of acetylated H3 (H3ace), fibronectin (Fnl), N-cadherin
(N-cad), E-cadherin (E-cad), and vimentin (Vim) in M3 clones and
Py2T-LT cells exposed or not to HDAC inhibitors (2 uM Tacedinaline/
CI994 or 10 nM Panobinostat/LBH589) for 72 h were determined by
immunoblotting. Immunoblotting for total H3 and GAPDH was used
as a loading control. b Morphology of M3 clone cells and Py2T-LT
cells treated with 2 uM CI994 and 10 nM LBHS589 for 72 h as eval-
uated by phase contrast microscopy. Scale bar, 100 um. ¢ Quantitative
RT-PCR analysis of the mRNA levels of E-cadherin (E-cad), Claudin4
(Cldn4), fibronectin (Fnl), vimentin (Vim), and Zebl in M3 clone
cells and Py2T-LT cells treated with CI994 (2uM) and LBH589
(10nM) for 72 h. Fold changes are related to mRNA levels in cells
treated with DMSO diluent. Data are displayed as mean + SEM. Sta-
tistical values were calculated using a paired, two-tailed #-test. *P <
0.05; **P<0.01, ***P<0.001; ****P<(0.0001. d Confocal immu-
nofluorescence microscopy analysis of the expression of the epithelial
marker E-cadherin (E-cad) and the mesenchymal marker vimentin
(Vim) in M3 clone cells and Py2T-LT cells in the absence and pre-
sence of HDAC inhibitors CI994 (2 uM) and LBH589 (10 nM) for
72 h. Scale bars, 50 um

(Fig. 6a), it did neither provoke the localization of E-cad and
ZO-1 at cell—cell junctions nor reduce mesenchymal Vim
expression and actin stress fiber formation (Fig. 6¢, Sup-
plementary Fig. S8b). Overall, the results suggest that a
functional Mbd3/NuRD complex together with HDAC and
Tet2 hydroxylase activities are required for the maintenance
of a stable mesenchymal cell state.

RNA sequencing identified 367 genes that were differ-
entially expressed upon treatment of M3 clone cells with the
HDAC inhibitor CI994 or by the depletion of Mbd3 or Tet2
alone (Supplementary Fig. S9a). Further, 784 genes were
differentially regulated between Mbd3 or Tet2 depletion
alone and Mbd3 or Tet2 depletion in combination with
CI994 treatment (Supplementary Fig. S9a). Finally, com-
parison of the 367 genes shared between CI994, shMbd3,
and shTet2 treatments and the 784 genes that were assigned
to the additive effect of HDAC inhibition in combination
with Mbd3 and Tet2 depletion identified 92 genes which
changed in their expression by all the treatments leading to
an epithelial reversion of M clone cells. We hypothesize that
the 92 genes could be responsible for the additive effect of
HDAC inhibition and Mbd3 or Tet2 depletion during MET
of M clone cells and we refer to this list of genes as “induced
MET (GMET)” gene signature (Supplementary Fig. S9a).

We next assessed whether the iMET genes were also
differentially regulated during MET of a reversible EMT
system. RNA-sequencing was performed at early, middle,
and late time points of MET of Py2T-LT cells upon TGFp
withdrawal (Py2T MET; Supplementary Table S1). Dif-
ferentially expressed genes during the time course of Py2T
MET cells were then compared with the 92 gene iMET
signature (Supplementary Fig. S9b; Supplementary Table
S1). This analysis revealed not only common but also dis-
tinct gene expression patterns between the iMET gene
signature and the genes changing during the reversible MET

time course suggesting that an irreversible and a reversible
EMT are distinct processes.

Tet2 and Mbd3 are required for primary tumor
growth and metastasis

The combinatorial role of Tet2, Mbd3, and HDACs in
maintaining the mesenchymal phenotype of M clone cells
in vitro motivated us to test whether these epigenetic
modifiers also play a role during primary tumor growth and
metastasis formation in vivo. M3 clone cells stably
expressing shRNAs against Tet2 (shTet2), Mbd3 (shMbd3),
and a non-targeting control-shRNA (shControl) were
orthotopically implanted into the mammary fat pads of
immunodeficient NSG mice. When tumors were first palp-
able, daily treatment with CI994 was initiated (35 mg/kg; i.
p-)- The efficient ablation of Tet2 and Mbd3 led to a sig-
nificant decrease in primary tumor growth and tumor
weights. The combination with CI994 treatment, which
enhanced H3 acetylation levels, caused a further significant
reduction in tumor growth and tumor weights as compared
with the vehicle-treated cohorts (Fig. 7a, b, Supplementary
Fig. S10a). In addition, the combinatorial treatment with
CI994 enhanced the upregulation of epithelial markers and
the downregulation of mesenchymal markers in Tet2 and
Mbd3-depleted primary tumors (Supplementary Fig. S10b).

The ablation of Tet2 and Mbd3 also significantly reduced
the number and the area of metastasis in the lungs of the
tumor bearing mice, even when the number of metastases
was normalized to the decreased primary tumor weights
observed with the depletion of Tet2 or Mbd3 (metastatic
index; Fig. 7c). Remarkably, no metastatic lesions could be
detected in mice implanted with Mbd3 knockdown M3
clone cells with or without CI994 treatment. In contrast, the
pharmacological inhibition of HDACs by itself did not
cause a significant reduction in the number and area of lung
metastasis nor in the metastatic index.

To assess the generality of our findings for human breast
cancer, we investigated the functional contribution of
HDAC inhibition and Mbd3 to primary tumor growth and
metastasis formation using MDA-MB-231-LM2 (LM2)
human breast cancer cells, a gold standard xenograft
transplantation model of efficient lung metastasis [52].
Control (shControl) and MBD3-depleted (shMBD3-2 and
shMBD3-5) LM2 cells (Supplementary Fig. S3d) were
orthotopically implanted into the mammary fat pads of NSG
mice. When the tumors were palpable, daily treatment with
CI994 was initiated (35 mg/kg; i.p.). The ablation of MBD3
in MBD3-5 cells led to a significant decrease in the primary
tumor growth, which was less profound, yet still significant
with MBD3-2 cells. The combination with CI994 treatment
caused an increase in tumor growth and tumor weights as
compared with the vehicle-treated cohorts (Fig. 7d).
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Fig. 4 The Mbd3/NuRD complex is required for the maintenance of a
mesenchymal cell state. a The protein levels of fibronectin (Fnl), N-
cadherin (N-cad), E-cadherin (E-cad), vimentin (Vim), and Mbd3 were
evaluated by immunoblotting in M3 clone cells and in Py2T-LT cells
expressing either shControl or shMbd3. Immunoblotting for GAPDH
was used as a loading control. b Phase-contrast microscopy of M3
clone cells and Py2T-LT cells stably expressing shControl or shMbd3.
Scale bar, 100 um. ¢ Quantitative RT-PCR analysis of the mRNA
levels of Mbd3, E-cadherin (E-cad), Claudin4 (Cldn4), fibronectin
(Fnl), vimentin (Vim), and Zeb1 in M3 clone cells and Py2T-LT cells
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expressing shMbd3. Fold changes are related to M3 clone cells and
Py2T-LT cells expressing shControl. Data are displayed as mean +
SEM. Statistical values were calculated using a paired, two-tailed #-
test. *P<0.05; **P<0.01. d Confocal immunofluorescence micro-
scopy analysis of the expression and localization of the epithelial
markers E-cadherin (E-cad) and ZO-1 and the mesenchymal marker
vimentin (Vim) in M3 clone cells and Py2T-LT cells expressing either
shControl or shMbd3. Phalloidin and DAPI staining visualize the actin
cytoskeleton and nuclei, respectively. Scale bars, 50 um
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Notably, the number and the area of metastasis in the lungs
of shMBD3-2 and shMBD3-5 tumor-bearing mice were
significantly reduced (Fig. 7e). The inhibition of HDACs by
itself did not cause a significant reduction in the number and
surface area of lung metastasis nor in the metastatic index.
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Altogether, these findings indicate that Tet2 and the
Mbd3/NuRD complex play a pivotal role during primary
tumor growth and metastasis formation of highly metastatic
human and murine breast cancer cells exhibiting an
irreversible EMT.
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Fig. 5 Tet2 is required for the maintenance of a mesenchymal cell
state. a Protein levels of Tet2, fibronectin (Fnl), N-cadherin (N-cad),
E-cadherin (E-cad), and vimentin (Vim) were determined by immu-
noblotting in M3 clone cells and Py2T-LT cells expressing either
shControl or shTet2. Immunoblotting for GAPDH was used as a
loading control. *indicates a non-specific protein band stained by anti-
Tet2 antibodies. b Phase-contrast microscopy of M3 clone cells and
Py2T-LT cells expressing shControl or shTet2. Scale bar, 100 um.
¢ Quantitative RT-PCR analysis of the mRNA levels of Tet2, E-
cadherin (E-cad), Claudin4 (Cldn4), fibronectin (Fnl), vimentin
(Vim), and Zebl mRNA levels in M3 clone cells and Py2T-LT cells
expressing shTet2. Fold changes are related to cells expressing
shControl. Data are displayed as mean + SEM. Statistical values were
calculated using a paired, two-tailed r-test. *P <0.05; **P<0.01;
*#*%%P <(0.001. d Confocal immunofluorescence microscopy analysis of
the expression and localization of E-cadherin (E-cad) and ZO-1 and
vimentin (Vim) in M3 clone cells and Py2T-LT cells expressing either
shControl or shTet2. Phalloidin and DAPI staining visualize the actin
cytoskeleton and nuclei, respectively. Scale bars, 50 pm

Discussion

We have set out to identify molecular mechanisms under-
lying the reversibility and irreversibility of EMT in murine
breast cancer cells. We have used Py2T murine breast
cancer cells that undergo reversible EMT upon stimulation
with TGFp to generate derivatives that maintain a stable
mesenchymal phenotype upon normal culture conditions
(M clones). The generation of the mesenchymal Py2T-LT
cells is induced by exogenous TGFp in the culture medium,
and the cells are clearly dependent on the TGFp inducive
activity to maintain their mesenchymal cellular state. In
contrast, M clone cells have been established in the com-
plete absence of any exogenous TGFf and remain in their
mesenchymal state without any addition of TGFp.

We find that M clone cells, but not Py2T-LT cells, can be
forced to undergo MET when treated with HDAC inhibitors
or when depleted of Mbd3 or Tet2 expression. Notably,
while the combination of pharmacological HDAC inhibi-
tion and the genetic depletion of Mbd3 or Tet2 shows an
additive effect in the repression of primary tumor growth,
this additive effect is not apparent in the inhibition of lung
metastasis. The results indicate that the Mbd3/NuRD com-
plex containing HDACs and Tet2 may play a critical role in
defining epithelial-mesenchymal plasticity during EMT and
MET and during the metastatic process. Combinatorial
targeting of its components may thus offer an efficient
approach to interfere with malignant disease.

While previous studies have mainly focused on HDACs’
functional contributions to cancer cell apoptosis, prolifera-
tion and angiogenesis, results on the role of HDACs in
epithelial-mesenchymal plasticity have been conflicting.
Some reports show that HDAC inhibition induces an EMT
in cancer cells [53, 54], while in other cancer cell types it
promotes a partial MET state [10, 12]. Furthermore, HDAC
inhibition represses drug resistance of cancer cells forced to
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undergo an EMT by the expression of the transcription
factor Zeb1 [40]. Consistent with the latter reports, we find
that HDAC inhibition causes a partial MET phenotype in
irreversible EMT cells, whereas no marked effects are
observed in reversible EMT cells. Notably, while HDAC
inhibition represses primary tumor growth with a significant
upregulation of epithelial marker expression, it has no dis-
cernable effect on metastasis formation.

Irreversible EMT M clone cells exhibit a higher capacity
in tumor initiation, tumor growth, and colonization in the
lung as compared with Py2T LT cells. EMT score analysis
[55] shows that M3 clone cells were confined in the partial
(hybrid) EMT state, whereas Py2T LT cells exhibited a full
EMT phenotype (Supplementary Fig. S11). In fact, 6624
genes are found differentially expressed between Py2T-LT
cells and M clone cells, suggesting that the irreversible M
clone cells significantly differ from reversible Py2T-LT
cells, although they both originated from Py2T cells. Our
data is consistent with the recent findings implicating an
important role of partial (hybrid) EMT in tumor aggres-
siveness, metastasis, cancer stemness, and drug resistance
compared with the full EMT state [5S6-59] and indicating
that a partial EMT could be a stable state rather than a
metastable state [60]. EMT score analysis also showed that
treatment with HDAC inhibitors did not affect the E/M state
of M3 clone cells, whereas the depletion of Tet2 or Mbd3
with or without HDAC inhibitor treatment induced a more
epithelial phenotype of mesenchymal M clone cells (Sup-
plementary Fig. S11). This analysis may explain why
HDAC inhibition by itself was not effective to prevent
metastasis, whereas Tet2 and Mbd3 dramatically reduced
metastasis formation, not only in the M clone murine
mesenchymal breast cancer cells but also in highly meta-
static MDA-MB-231-LM2 human breast cancer -cells.
Hence, we conclude that Tet2 and Mbd3 drive changes in
cancer cell state from a highly aggressive partial EMT state
to a less aggressive epithelial state.

Here, we demonstrate an important regulatory role of the
epigenetic modifiers Mbd3/NuRD and Tet2 in the regulation
of cell state transitions and of primary tumor growth and
metastasis by their ability to affect the expression of a wide
range of genes. Notably, we have identified a 92 gene iMET
signature representing genes that are differentially regulated
during MET of irreversible EMT cells induced by a com-
bination of HDAC inhibition and depletion of Mbd3 and/or
Tet2. While potent pharmacological inhibitors against
HDAC:Ss have been developed and are in clinical trials, their
clinical efficacy appears disappointing. Our work suggests
that HDAC inhibition should be combined with the inhibi-
tion of Mbd3/NuRD and Tet hydroxylases. Unfortunately,
efficient inhibitors of Tet hydroxylases and of the Mbd3/
NuRD complex are only in development or are lacking [61].
Due to their pleiotropic mode of action and their reversible
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nature, these epigenetic modifiers are attractive targets for
the development of novel cancer therapies.

Material and methods

For further details see Supplementary Information.

Cell lines

Py2T cells [33] and M clone cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) and MDA-
MB-231-LM2 cells [52] were cultured in DMEM/ Nutri-

ent mixture F-12 Ham (DMEM/F12) supplemented with
glutamine, penicillin, streptomycin, and 10% FBS

Phalloidin

Py2T LT

ZO-1 Vim  Phalloidin  ZO-1

Merge

Control
shControl shMbd3 shTet2 shControl

Cl994
shTet2

shMbd3

(Sigma-Aldrich). Py2T cells were treated with 2 ng/ml
TGFp1 and the medium was replenished every 3 days. All
cells were cultured at 37 °C with 5% CO, in a humid
incubator.

In vitro irreversible EMT clones: M clones were gener-
ated by culturing in MEGM (mammary epithelial cell
growth medium) supplemented with SupplementMix (Pro-
moCell) and glutamine, penicillin, streptomycin, and 7%
FBS (Sigma-Aldrich) for 3 months, when subpopulations of
mesenchymal cells became apparent. Then, cells were
transferred into DMEM supplemented with glutamine,
penicillin, streptomycin, and 10% FBS (Sigma-Aldrich) and
cultured for 2 months to select for stable mesenchymal
subpopulations, which were subsequently isolated as single
cells and expanded as cell clones.
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Inhibitor treatments: Py2T-LT cells and M clone cells
were treated with 2uM CI994 or 10nM LBHS589 for
3 days. M2 and M3 clones were treated with 5 uM DZNep,
2 uM Decitabine, or 100 nM TSA for 3 days. Py2T-LT cells
and M3 clones were treated with 5uM CI994 or 5uM
EPZ005687 for 6 days.

Primers used for quantitative RT-PCR are listed in
Supplementary Table S2.
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Pyro-sequencing primers are given in Supplementary
Table S3.

Data availability
Further information and requests for resources and reagents

should be directed to and will be fulfilled by the Lead Con-
tact, Gerhard Christofori (gerhard.christofori@unibas.ch). The
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Fig. 7 Depletion of Mbd3 or Tet2 expression in combination with
HDAC inhibition efficiently represses primary tumor growth and lung
metastasis. a 10° shControl, shTet2, and shMbd3-expressing M3 clone
cells were transplanted into the mammary fat pads of immunodeficient
female RG mice. When the tumors were palpable, mice were treated with
HDAC inhibitor CI994 (35 mg/kg, i.p.), and tumor growth was measured
over time. At least five mice were used for experimental cohort. Data are
displayed as mean tumor volumes+SEM. b The mice described in
a were sacrificed after 29 days of treatment and tumor weights were
assessed. ¢ Metastatic spread of shControl, shTet2, and shMbd3-
expressing M3 clone tumors treated with vehicle or HDAC inhibitor
CI994 was determined by serial sectioning of the lungs of mice described
in a and b. The metastatic index was calculated by the number of
metastases divided by the primary tumor weights within the same mice
(left panel). Mean of the number of metastases (middle panel) and
metastatic area percentages per mouse were also quantified (right panel).
d 10° MDA-MB-231-LM2 cells stably expressing shControl, shMBD3-
2, and shMBD3-5 were transplanted into the mammary fat pads of
immunodeficient female NSG mice. When the tumors were palpable,
mice were treated with HDAC inhibitor CI994 (35 mg/kg, i.p.), and
tumor growth was measured over time. At least seven mice were used for
experimental cohort. Data are displayed as mean tumor volumes + SEM.
e Metastatic spread of MDA-MB-231-LM2 stably expressing shControl,
shMBD3-2, and shMBD3-5 tumors treated with vehicle or HDAC
inhibitor CI994 was determined by serial sectioning of the lungs of mice
described in d. The metastatic index was calculated by the number of
metastases divided by the primary tumor weights within the same mice
(left panel). Mean of the number of metastases (middle panel) and
metastatic area percentages per mouse were also quantified (right panel).
Statistical significance was calculated using a Mann—Whitney U test.
N.s., non-significant; *P <0.05; **P <0.01; ***P<0.001

RNA sequencing data are deposited at Gene Expression
Omnibus (GEO accession number: GSE100553).
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