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Background: Epithelial-to-mesenchymal transition (EMT) has important biological implications, butmechanisms govern-
ing this process are only partially understood.
Results: The nuclear protein “high mobility group A2” regulates expression of the transcription factors Twist and Snail during
EMT.
Conclusion: Twist and Snail complement each other in EMT.
Significance:We now understand better how Twist and Snail act interdependently to regulate the EMT.

Deciphering molecular mechanisms that control epithelial-
to-mesenchymal transition (EMT) contributes to our under-
standing of how tumor cells become invasive and competent for
intravasation. We have established that transforming growth
factor� activates Smadproteins, which induce expression of the
embryonic factor high mobility group A2 (HMGA2), which
causes mesenchymal transition. HMGA2 associates with Smad
complexes and induces expression of an established regulator of
EMT, the zinc finger transcription factor Snail. We now show
thatHMGA2 can also induce expression of a second regulator of
EMT, the basic helix-loop-helix transcription factor Twist.
Silencing of endogenous Twist demonstrated that this protein
acts in a partially redundantmanner togetherwith Snail.Double
silencing of Snail and Twist reverts mesenchymal HMGA2-ex-
pressing cells to a more epithelial phenotype when compared
with single silencing of Snail or Twist. Furthermore, HMGA2
can directly associate with A:T-rich sequences and promote
transcription from the Twist promoter. The new evidence pro-
poses a model whereby HMGA2 directly induces multiple tran-
scriptional regulators of the EMTprogram and, thus, is a poten-
tial biomarker for carcinomas displaying EMT during
progression to more advanced stages of malignancy.

Many successive steps are required for a growing benign
hyperplasia to evolve into a fully malignant andmetastatic can-
cer (1). A critical event that enables cancer cells to invade the
local tissue, acquire competence for intravasation, and generate

progeny with tumor-initiating capacities is the epithelial-to-
mesenchymal transition (EMT)3 (2). During EMT, differenti-
ated epithelial cells lose their cell-cell adhesions, become more
motile, and exhibit mesenchymal features. For example, loss of
E-cadherin expression, a keymolecule of the adherens junction
and a tumor suppressor gene (CDH1), and induction of vimen-
tin-based intermediate filaments are two of the many estab-
lished hallmarks of the EMT process (3).
The large numbers of cellular events that characterize the

mesenchymal transition are thought to be collectively regulated
by a group of transcription factors that coordinate the tran-
scriptional program of EMT. These transcriptional regulators
are the zinc finger factors Snail1 (Snail), Snail2 (also known as
Slug), ZEB1/�EF1, ZEB2/SIP1, and the basic helix-loop-helix
factors E47 and Twist1 (Twist) (4). The complete transcrip-
tomic program that is regulated by these five transcription fac-
tors has not yet been fully elucidated. However, clear examples
of transcriptional regulation during EMT are the repression of
CDH1 by Snail1, Snail2, E47, ZEB1, and ZEB2, a mechanism
that is thought to lead to themethylation of theDNA sequences
of the CDH1 gene promoter and the terminal silencing of this
gene (3). On the other hand, Twist induces expression of genes
that promote tumor cell invasiveness (5), and the forkhead
transcription factor FoxC2 induces genes of the mesenchymal
program (6).
The function and expression of the transcription factors that

orchestrate the EMT program is regulated by developmental
signal transduction pathways, such as transforming growth fac-
tor � (TGF�), Notch, fibroblast growth factor, and more (2, 7).
In vitro studies in immortalized epithelial cells and in carci-
noma cell lines, complemented by in vivo studies in transgenic
mice, have clearly shown that TGF� plays a critical role in the
control of EMT of tumor cells (8, 9).
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The TGF� pathway includes a versatile network of extracel-
lular signaling factors that regulate important aspects of embry-
onic development, tissue homeostasis, and progression of dis-
ease states, including cancer and tissue fibrosis, where EMT is a
process of importance (10). TGF� ligands signal via cell surface
receptor kinases, which activate Smad proteins and additional
non-Smad pathways (11), that regulate gene transcription and
thus elicit a multitude of physiological responses (12). With
respect to its role in cancer, TGF� suppresses tumorigenesis,
because it restricts epithelial cell proliferation and induces apo-
ptosis (9), but also promotes the evolution of carcinomas
toward metastasis by promoting EMT, suppressing the benefi-
cial anti-tumoral immune responses and stimulating tumor
angiogenesis and cancer-associated fibroblast functions (7, 13).
We previously established a central mechanism that pro-

motes EMT in response to TGF� and involves two direct target
genes of Smad signaling, the high mobility group (HMG) A2
and Snail (14, 15). HMGA2 is a chromatin-binding protein con-
taining three AT-hook domains that enable its binding to the
minor groove of DNA and thus organizes protein complexes on
enhancers of various genes, leading to regulation of gene
expression and cell differentiation (16). HMGA2 is expressed
during embryonic development and is much less expressed in
adulthood. However, cancers ofmesenchymal origin (e.g. fibro-
sarcomas) and metastatic cancers overexpress HMGA2 (16),
which is compatible with a model of transition of tumor cells
(via EMT) to phenotypes that reactivate embryonic transcrip-
tional programs (2).We have demonstrated that HMGA2 asso-
ciates with Smads and together bind to the Snail gene promoter
causing Snail expression and EMT (14, 15). Cells that overex-
press HMGA2 and undergo mesenchymal transition express
high levels of Twist in addition to Snail (14, 15). We hypothe-
sized that Twist and Snail might act in a complementary man-
ner ensuring the robust induction of EMT in cells responding to
TGF�. The present report presents evidence that supports the
complementary role of Twist on the side of Snail during EMT
driven byHMGA2 overexpression. In addition, we explain how
HMGA2 can directly induce Twist transcription by binding to
regulatory sequences of this gene. The new work firmly estab-
lishes that the EMT program promoted by TGF� signaling
involves a stable crosstalk and interplay of multiple embryonic
transcription factors.

EXPERIMENTAL PROCEDURES

Plasmids and Reagents—Short hairpin RNA (shRNA)
directed against the murine Twist gene (shTwist, 5�-GCAA-
GATTCAGACCCTCAAAC-3�) was designed using the Invit-
rogen RNAi Designer online tool. Double-stranded oligonu-
cleotides encoding shTwist or shlacZ were first cloned into a
pENTR/U6 vector and then transferred into pBLOCK-iT6-
DEST vector (Invitrogen) for stable shRNA expression, accord-
ing to the manufacturer’s instructions. The pENTR/U6 and
pENTR/U6/shlacZ control vectors (Invitrogen) were from J.
Ericsson (University College Dublin, Conway Institute, Dublin,
Ireland). The mammalian expression constructs pcDNA3
encoding HA-tagged hHMGA2 and hHMGA2�C, and FLAG-
tagged Smad3 and Smad4, have been described previously (14).
The murine Twist promoter luciferase plasmid (�1745/�209)

was provided by L. R.Howe (Cornell University,NewYork,NY)
(17).
Deletion series of the Twist promoter were obtained by PCR

amplification using appropriate primers containing KpnI and
HindIII restriction sites, and the corresponding PCR products
were cloned into the same restriction sites in a pGL2-Basic
vector (Promega, Madison, WI). Primers used for Twist pro-
moter deletion series are listed in supplemental Table S1. The
mutantsM2 (TTT toCCC) andM3 (TTCTTTT toCCCTCCC)
were reconstituted into the Twist �95/�209 promoter by
PCR-based site-specificmutagenesis (Stratagene), according to
the manufacturer’s instructions.
Recombinant mature TGF�1 was from BIOSOURCE Inc.

Small molecular weight inhibitors: SB505124 against the three
type I receptor kinases of the TGF� family, known as activin
receptor-like 4, 5, and 7, was from Sigma; SB202190 against the
p38 mitogen-activated protein kinase (MAPK) was from Enzo
Life Sciences; LY294002 against the phosphoinositide 3�-kinase
was fromCell Signaling Technology; and PD184352 against the
MEK1 kinase that activates the MAPKs ERK1 and ERK2 was a
kind gift from J. Lennartsson (Ludwig Institute, Uppsala,
Sweden).
Cell Culture and Transfections—Parental mouse mammary

epithelial NMuMG cells, cell clones overexpressing pMEP4-
HA-tagged human HMGA2 (HMGA2-NMuMG) or pMEP4
empty vector (NMuMG-m), clones with stable knockdown of
Snail in HMGA2-NMuMG cells (HMGA2-shSnail), and
human hepatocarcinomaHepG2 cells have been described pre-
viously (14, 15).
HepG2 andNMuMGcells were transiently transfected using

the calcium phosphate method and FuGENE HD (Roche
Applied Science) or Lipofectamine 2000 (Invitrogen), respec-
tively. Stable transfections of pBLOCK-iT6-DEST vectors
(shlacZ and shTwist) in HMGA2-NMuMG and HMGA2-
shSnail cells were done using Lipofectamine 2000, and selec-
tionwas performedwith 5�g/ml blasticidin (Invitrogen). Tran-
sient transfections of HMGA2-NMuMG cells with siRNA
against mouse Smad4 (Dharmacon ON-TARGETplus
SMARTpool L-040687) or non-targeting siRNA control (Dhar-
macon ON-TARGETplus Non-targeting pool D-001810–
10�20) were done using DharmaFECT 1 siRNA transfection
reagent (Dharmacon).
Real Time-RT-PCR—Total RNA was isolated from cells

using the Qiagen RNeasy mini kit (Qiagen) and digested with
DNase I (Qiagen) to remove any contaminating genomic DNA.
The reverse transcription reaction was done with 1 �g of RNA
and iScript cDNA synthesis kit (Bio-Rad). PCR was performed
in a total volume of 10 �l with iQ SYBR Green Supermix (Bio-
Rad), 1�l of cDNA, and 250 nMof each primer. Specific primers
were designed according to sequences available in the data-
bases or published by others (supplemental Table S2). Reac-
tions were carried out in triplicates in a CFX96 Real-Time PCR
Detection System (Bio-Rad), using conditions as described pre-
viously (18). Different controls were used to demonstrate the
specificity of the reactions: the reverse transcriptase was omit-
ted (�RT) or the cDNA was replaced with water. These con-
trols were run in every RT-PCR assay, but the figures present
only representative and limited numbers of these controls.
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Gene expression levels were determined with the comparative
Ct method using the mouse gapdhmRNA as reference.
Immunoblotting and Immunofluorescence Microscopy—To-

tal protein extracted from cells were subjected to SDS-PAGE
and analyzed by immunoblotting, as described (14). Nuclear
extracts were isolated with an NXTRACT CelLytic Nuclear
Extraction Kit (Sigma-Aldrich), according to the manufactur-
er’s instructions. Rabbit anti-CREB, mouse anti-Twist1, rabbit
anti-ZEB1, and rabbit anti-ZEB2/SIP1 were from Santa Cruz
Biotechnology; rabbit anti-Snail was from Abcam; rabbit anti-
phospho-CREB, rabbit anti-ERK, rabbit anti-phospho-ERK,
rabbit anti-p70S6K, and rabbit anti-phospho-p70S6K were
from Cell Signaling Technology; mouse anti-E-cadherin,
mouse anti-N-cadherin, and mouse anti-PARP1 antibodies
were fromBDTransduction Laboratories; rabbit anti-fibronec-
tin and mouse anti-�-smooth muscle actin were from Sigma-
Aldrich; mouse anti-GAPDH was from Ambion; mouse
anti-HA from Roche Applied Science; mouse anti-ZO-1 anti-
body from Invitrogen; and secondary antibodies, anti-mouse-
IgG, and anti-rabbit-IgG coupled to horseradish peroxidase
were from GE Healthcare. Chemiluminescence was detected
using Immobilon Western chemiluminescent HRP substrate
fromMillipore.
For immunofluorescence, cells were fixed and stained with

phalloidin-FITC (Sigma-Aldrich) or primary antibody and then
followed by appropriate Alexa Fluor 488 donkey anti-mouse-
IgG or goat anti-rabbit-IgG secondary antibody (Molecular
Probes). Photomicrographs were obtained by using a Zeiss
Axioplan 2 microscope with a Hammamatsu C4742-95 digital
camera, with a Zeiss Plan-neofluar 40�/0.75 objective lens. For
phase-contrast microscopy, live cells growing on the culture
dishwere analyzed on a Zeiss Axiovert 40CFLmicroscopewith
an AxioCam MRc digital camera, using a Zeiss Plan-neofluar
10�/0.3 objective lens. All photography was at ambient tem-
perature in the absence of immersion oil. Primary images were
acquiredwith theVolocity software of the camera. Imagemem-
ory content was reduced, and brightness-contrast was adjusted
using Adobe Photoshop CS3 Extended.
Promoter Reporter Assays—The full-length and deletion con-

structs of the mouse Twist promoter were co-transfected with
reporter plasmid pCMV-�Gal for normalization and expression
vectors: pcDNA3 (control), pcDNA3-HA-hHMGA2, pcDNA3-
HA-hHMGA2�C, pcDNA3-FLAG-Smad3, or pcDNA3-FLAG-
Smad4 inHepG2 andNMuMGcells. The enhanced luciferase assay
kit from BD Pharmingen was used. Normalized promoter activity
data are plotted in bar graphs representingmean� S.D. from tripli-
cate samples. Each independent experiment was repeated at least
twice.
DNA Affinity Precipitation Experiments—HepG2 cells were

transiently transfected with pcDNA3-HA-hHMGA2. Proteins
were extracted from transfected cells in lysis buffer containing
protease inhibitors (0.5%Nonidet P-40, 100mMEDTA, 100mM

Tris-HCl, pH 8.0, 1 mM phenylmethylsulfonyl fluoride, and 1%
aprotinin). After preclearing, protein extracts were incubated
overnight at 4 °C with biotin-labeled probes described in sup-
plemental Table S3. The biotin-labeled probes were obtained
by PCR amplification using AccuPrime Pfx DNA polymerase
(Invitrogen). Dynabeads coupled to M-280 Streptavidin (Invit-

rogen) were then added for 1 h, followed by four washes with
1� B&W buffer (5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA,
1 M NaCl), and resuspended in SDS loading buffer. Bound pro-
teins were resolved by SDS-PAGE and detected by
immunoblotting.
Chromatin Immunoprecipitation—ChIP analysis was done

as described in a previous study (19). Briefly, HMGA2-
NMuMG cells were cultured in 15-cm plates to �80% conflu-
ence, and one plate was used per ChIP reaction. The cells were
cross-linked with 1% formaldehyde and then neutralized with
0.125 M glycine, washed with ice-cold PBS, and resuspended in
lysis buffer. Samples were sonicated in a water-bath Diagenode
Bioruptor sonicator (output high; 5 cycles of 30 s sonication
with 30-s intervals) to yield DNA fragments of 250–500 bp.
After removing an aliquot of total cell lysate as input, the super-
natant was dilutedwithChIP dilution and incubatedwith 10�g
of rabbit anti-HMGA2 antibody from Santa Cruz Biotechnol-
ogy or rabbit IgG; the latter was a kind gift from E. Vassilaki
(Ludwig Institute, Uppsala, Sweden). The antibodies had been
coupled to Protein G Dynabeads (Invitrogen). The beads were
washed with ChIP wash buffer and TE buffer (10 mMTris-HCl,
pH 7.5, 1 mM EDTA). Immunoprecipitated complexes were
eluted and reverse cross-linked overnight at 65 °C. DNA was
purified and analyzed by real-time PCR with the conditions:
95 °C for 5min, followed by 39 cycles of 95 °C for 15 s and 60 °C
for 1 min. Each independent experiment was repeated at least
twice. The specific primers used for the PCR are listed in sup-
plemental Table S3.

RESULTS

Mammary Epithelial Cells Overexpressing HMGA2 Strongly
Up-regulate Twist—We previously reported that when normal
mammary epithelial cells were stably transfectedwithHMGA2,
several transcriptional regulators that promote EMT were up-
regulated, and the cells shifted to a mesenchymal phenotype
that lacked key features of the parental epithelial phenotype,
such as expression of E-cadherin (14, 15). The transcription
factors Snail and Twist were highly up-regulated in HMGA2-
transfected cells (14). Furthermore, silencing of Snail by short
interferingRNAonly partially reverted the cells to the epithelial
state (14). We therefore hypothesized that Twist, which
remains highly expressed in the cells after Snail silencing, could
compensate and be responsible for some of the mesenchymal
features of these cells. Quantitative RT-PCR analysis of the
mRNA from the same two cell types confirmed that cells
expressing HMGA2 had dramatically higher levels of Twist
mRNA compared with parental NMuMG cells, which paral-
leled the Snail expression profile (Fig. 1A). Analysis of expres-
sion of the corresponding proteins revealed that HMGA2-
NMuMG cells expressed high levels of both transcription
factors in their nuclear compartment, whereas the parental epi-
thelial NMuMG cells did not express Twist or expressed only
minute amounts of Snail protein (Fig. 1B).
Induction of endogenous Twist mRNA and protein by

HMGA2 was corroborated by promoter activity studies. Using
a recombinant construct of the mouse Twist promoter coupled
to the luciferase reporter (17) and transient transfection of the
promoter construct in the absence or presence of HMGA2, we
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could demonstrate that HMGA2 induced robust activation of
theTwist promoter in themouse epithelial NMuMGcells (sup-
plemental Fig. S1A) and in human hepatocarcinoma HepG2
cells (Fig. 1C). This suggests that HMGA2 may act directly in
regulating Twist gene expression.
Evaluation of TGF� and Other Signaling Pathways as Regu-

lators of Twist Expression Acting Downstream of HMGA2—We
previously established that HMGA2 binds to Smad proteins
after TGF� stimulation and cooperates with them to induce
transcription of the Snail promoter (14). We therefore exam-

ined if a similar mechanism operated during Twist promoter
regulation. Endogenous TGF� signaling was not sufficient to
activate theTwist promoter with early kinetics (Fig. 1,D and E).
When a more prolonged time course of TGF� stimulation was
performed, low level Twist promoter activation could be mea-
sured 24 and 48 h post-stimulation (Fig. 1D). This is consistent
with the weak induction of TwistmRNA and protein by TGF�
alone (14, 15), which only increased after prolonged (12–24 h)
stimulation (Fig. 1E). Co-transfection of Smad3 and Smad4, the
two major Smads that form complexes in response to TGF�

FIGURE 1. HMGA2 induces Twist expression during EMT. A, quantitative RT-PCR analysis of Snail and Twist mRNA levels in parental NMuMG cells and a cell
clone of NMuMG expressing constitutively human HMGA2 (HMGA2-NMuMG). Each bar represents mean � S.D. values from triplicate samples. B, immunoblots
of Snail and Twist protein levels in cytosolic and nuclear fractions of cells described in A. PARP-1 and �-tubulin serve as markers for the nuclear and cytosolic
fraction respectively. C, D, and F, luciferase reporter assay of Twist promoter constructs in HepG2 cells transiently transfected with pcDNA3 empty vector or
HA-HMGA2 (C); stimulated with 5 ng/ml TGF�1 for the indicated time period (D); transiently transfected with FLAG-Smad3, FLAG-Smad4, and/or HA-HMGA2
plasmids and stimulated or not with 5 ng/ml TGF�1 (F). Each bar represents mean � S.D. values of normalized luciferase data from triplicate samples.
E, quantitative RT-PCR analysis of Twist mRNA levels in parental NMuMG cells, untreated or treated with 5 ng/ml TGF� for 2, 4, 8, 12, and 24 h. Each bar
represents mean � S.D. values from triplicate samples.
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and are primarily responsible for the EMT phenotype, led to a
weak induction of Twist promoter activity, which was
enhanced by TGF� stimulation (Fig. 1F). In contrast to a rela-
tively weak effect shown by Smad3/4 and TGF�, HMGA2 co-
transfection showed a much stronger promoter activation that
was not further enhanced by TGF� (Fig. 1F). The combination
of Smad3/4 and HMGA2 exhibited an additive effect both in
the absence and presence of TGF� stimulation (Fig. 1F). These
data suggest that, under conditions where the TGF� pathway is
hyperactivated after Smad protein overexpression, weak induc-
tion of the Twist promoter can be achieved and this can be
further enhanced by co-expressing HMGA2. These studies
therefore support the notion thatTwistmaynot be a direct gene
target of TGF�/Smad signaling, whereas HMGA2 can potently
induce Twist expression.

It is formally possible that epithelial cells expressing high
levels of HMGA2 may express various signaling factors that
could then lead to the activation of diverse pathways.We there-
fore carried out further studies with the aim to test the impor-
tance of other signaling mechanisms that could contribute to
the induction of Twist expression in cells with high HMGA2
levels. In scrutinizing the TGF� pathway once again, we
observed that silencing by 50% the endogenous Smad4, the cen-
tral signal transducer of all TGF� family pathways, hadno affect
whatsoever on TwistmRNA expression, whereas it suppressed
endogenous Snail expression (supplemental Fig. 2A). Likewise,
treatment of the cells with SB505124, a low molecular weight
inhibitor of the TGF� family type I receptor serine/threonine
kinases, reduced Snail expression by 60%, whereas Twist
expression was slightly enhanced in the same cell population
(supplemental Fig. S2B). The MAPK pathway inhibitor
PD184352, which specifically blocks the activity of the kinase
MEK1, showed a small but statistically significant reduction in
Twist mRNA levels when tested at two different time points
after its addition (supplemental Fig. S2C), suggesting that ERK
MAPK signaling partially contributed to the effect of HMGA2
expression on Twist gene induction. The efficacy of the
PD184352 inhibitor was verified at both time points using
immunoblotting against phosphorylated forms of ERK1 and
ERK2MAPKs, i.e. theMEK1 substrates (supplemental Fig. S2C,
right panel). Inhibition of p38 MAPK using the inhibitor
SB202190 had no statistically significant effect on TwistmRNA
levels, whereas it effectively blocked phosphorylated CREB lev-
els used as controls (supplemental Fig. S2D). Finally, inhibition
of the phosphoinositide 3�-kinase (PI3K) using the LY294002
inhibitor, had no impact on TwistmRNA expression levels, but
completely blocked the phosphorylation of its downstream
kinase target p70S6K (supplemental Fig. S2E).

All the above data suggest that HMGA2 minimally activates
other signal transduction pathways that contribute to Twist
gene regulation. It is therefore likely that HMGA2 regulates
Twist gene expression by acting on its promoter, possibly via
direct binding to its DNA sequences.
HMGA2 Regulates Twist Promoter Expression by Direct

Binding to Its DNA—We first mapped putative regions of the
mouse Twist promoter that are responsible for regulation by
HMGA2, using a panel of deletion mutants of the promoter
(Fig. 2A and supplemental Fig. S1A). All promoter constructs

tested, spanning from �1745 to �95 bp relative to the tran-
scription start site (TSS) of the mouse Twist gene, exhibited
significant activation by co-transfected HMGA2 (Fig. 2A and
supplemental Fig. S1A). This result suggested that HMGA2
may bind at multiple sites along the Twist promoter; however,
an important and necessary site may lie very proximal to the
TSS of the Twist gene. To experimentally identify binding of
HMGA2 to the mouse Twist promoter, we synthesized three
oligonucleotides spanning the region between �95 and �198
bp relative to the TSS and performed DNA affinity precipita-
tion (DNAP) assays (Fig. 2B). HMGA2boundwith high specific
affinity to oligonucleotide �7/�109 relative to the TSS,
whereas it failed to bind the upstream �95/�23 or the down-
stream�93/�198 sequences (Fig. 2B). Further finemapping of
this region of the mouse Twist gene using shorter oligonucleo-
tides in the DNAP assay, revealed binding of HMGA2 to the
�66/�87 bp segment relative to the TSS (Fig. 2C). This 22-bp
DNA segment spans a stretch of A:T base pairs (Fig. 2D).
Mutagenesis of theT-rich stretch toC (mutantsM1–M3) in the
�66/�87 bp oligonucleotide was employed to test whether
HMGA2 binding was affected. Although mutant M1 had no
effect, mutants M2 and M3 almost completely abolished bind-
ing ofHMGA2 to the�66/�87 bp oligonucleotides, suggesting
that the last three nucleotides in the TTCTTTT motif are
important for binding (Fig. 2D).
We then introduced these twomutations,M2 andM3, in the

context of the �95 to �209 mouse Twist promoter and tested
for transcriptional activation by HMGA2 in HepG2 and
NMuMG cells (Fig. 2E and supplemental Fig. S1B). The basal
levels of promoter activity of the M2 and M3 mutants were
significantly reduced compared with the wild-type promoter
(Fig. 2E and supplemental Fig. S1B). HMGA2 could further
enhance the promoter activity of theM2 andM3mutants, how-
ever, the levels of activity never reached the high levels of wild-
type promoter activity induced byHMGA2 (Fig. 2E and supple-
mental Fig. S1B). The ability of HMGA2 to induce activity by
promoters carrying the M2 and M3 mutations that abolish
HMGA2 binding to the promoter suggested that the short
C-terminal regulatory domain of HMGA2, which becomes
phosphorylated and controls HMGA2 function (20, 21), may
contribute to the transcriptional activation of the Twist pro-
moter. We therefore tested Twist promoter activation by using
a mutant HMGA2 construct lacking its C-terminal acidic
domain (�C); this mutant activated partially the wild-type
short Twist promoter, however, it was completely unable to
mediate activation of the twomutant Twist promoters, M2 and
M3 (Fig. 2E and supplemental Fig. S1B). These data demon-
strate that, in the absence of the regulatory C-terminal domain
of HMGA2, the binding of HMGA2 to the TTCTTTTmotif of
the Twist promoter is absolutely critical for regulation of the
promoter. However, in the wild-type context of HMGA2, the
TTCTTTmotif is not absolutely critical andHMGA2may bind
to additional sequences between the �95 and �198 positions
relative to the TSS of the mouse Twist gene. However, this
sequence lacks any obvious A:T-rich motif excluding the puta-
tive TATA-box (see the schematic illustration of the promoter
in Fig. 2A).
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We investigated the possibility that HMGA2 could function
via additional promoter sequences using a small panel of dele-
tion mutants and HMGA2 co-transfection in the same pro-
moter activation assays (Fig. 2F and supplemental Fig. S1C).
Deletion of the �44 to �209 segment (�95/�43) of the pro-
moter that also spans the TTCTTTTmotif essentially neutral-
ized promoter activation by HMGA2, despite the presence of

the upstream TATA-box (Fig. 2F and supplemental Fig. S1C).
In agreement with aminor role of the TATA-box as a sequence
thatmediates activation of the promoter byHMGA2, complete
deletion of the TATA-box in the �42 to �209 promoter con-
struct (�42/�209) showeddecreased (by 2-fold) but still strong
activation by HMGA2 (Fig. 2F and supplemental Fig. S1C).
Finally, a very small promoter fragment spanning the TSS and

FIGURE 2. HMGA2 binds directly to the Twist promoter. A, schematic diagram of the murine Twist promoter (top panel). Nucleotide numbers were assigned
relative to the TSS, and two putative TATA boxes are denoted by white bars. Fragments a, b, and c indicate PCR amplicons analyzed in panel G with ChIP.
Luciferase reporter assays of a deletion series of Twist promoter constructs in HepG2 cells transiently transfected with pcDNA3 or HA-HMGA2 plasmid (bottom
panel). B and C, biotin-labeled probes spanning �95 to �23, �7 to �109, and �93 to �198 (B), and probes spanning �7 to �37, �38 to �65, �66 to �87, and
�88 to �109 (C), were used in DNAP experiments using extracts of HepG2 cells transiently transfected with HA-HMGA2 plasmid. D, nucleotide sequences of
wild-type (WT) and mutant (M1–3) probes corresponding to the �66 to �87 region of the Twist promoter. A line indicates unaltered sequences. Binding of
HMGA2 to WT or mutant probes was assessed by DNAP experiments using extracts of HepG2 cells as described in B. Probe �7/�37 is not bound by HMGA2 and
serves as an additional negative control. TCL, total cell lysates in B–D. E, luciferase reporter assays of wild type or mutants (M2 and M3) �95/�209 Twist
promoter constructs in HepG2 cells transiently transfected with pcDNA3, HA-HMGA2 wt, or HA-HMGA2�C plasmids. F, luciferase reporter assays of a deletion
series of Twist promoter constructs based on the �95/�209 Twist promoter in HepG2 cells transiently transfected with pcDNA3 or HA-HMGA2 plasmid. Each
bar represents mean � S.D. values of normalized luciferase data from triplicate samples. G, ChIP assays in HMGA2-NMuMG cells were used to analyze binding
of HMGA2 protein along the Twist promoter using anti-HMGA2 or control IgG antibodies. Quantitative PCR was performed, and values are expressed as
percentage of input DNA. Each bar represents mean � S.D. values from triplicate samples. The PCR amplicons, �73/�77, �23/�84, and �1190/�1059, used
are denoted as a, b, and c in panel A.
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devoid of TATA-box or HMGA2-binding motif (�42/�43)
was completely inactive and resulted in background promoter
activity (Fig. 2F and supplemental Fig. S1C).

Finally, we confirmed the in vitroDNA binding assays of Fig.
2B using ChIP assays on the endogenous Twist promoter chro-
matin in HMGA2-NMuMG cells (Fig. 2G). HMGA2 showed
robust association (over that measured by a nonspecific anti-
body) with the Twist promoter chromatin as represented by
three specific genomic fragments (fragments a–c). In addition,
binding of HMGA2 with the Twist promoter chromatin was
specific, because HMGA2 failed to associate to an unrelated
gene promoter with relatively high A:T sequence content, the
plasminogen activator inhibitor 1 (Fig. 2G). Fragments a and b
on the Twist promoter overlap with the proximal TTCTTTT
motif (Fig. 2A and supplemental Table S3), which corroborates
the importance of the in vitro DNAP assays at the endogenous
gene level. Interestingly, fragment c maps further upstream at
positions �1190 to �1059 relative to the TSS of the mouse

Twist gene (Fig. 2A and supplemental Table S3). This fragment
was selected due to its very long stretch of A-rich sequence, and
as shown in Fig. 2G, it scored highly positive, suggesting that
HMGA2 can associate with this sequence as well. However,
deletion of this sequence in the context of the promoter con-
struct�815/�209 allowedHMGA2 to activate promoter activ-
ity (Fig. 2A and supplemental Fig. S1A), suggesting that the
upstream fragment c is not by itself the only critical regulatory
element of the Twist promoter that responds to HMGA2.
These data therefore support themodel in whichHMGA2 acti-
vates Twist promoter activity by directly binding to DNA
sequences of this gene and highlight an importance for the
C-terminal regulatory domain of HMGA2 in mediating pro-
moter activation.
Contribution of Twist to theMesenchymal Phenotype Induced

by HMGA2—To address functionally the role of Twist down-
stream of HMGA2, we silenced endogenous Twist mRNA in
the mesenchymal HMGA2-NMuMG cells using shRNA vec-

FIGURE 3. Twist depletion in HMGA2-NMuMG cells causes a mild re-epithelialization. A, quantitative RT-PCR analysis of Twist, Snail, Slug, ZEB1, ZEB2, and
E-cadherin mRNA levels; and B, immunoblot of Twist, Snail, ZEB1, and ZEB2 proteins in NMuMG-m, HMGA2-NMuMG cells (HMGA2, �), and its derivatives
constitutively expressing shRNA against Twist (HMGA2-shTwist #25 and #28) or control lacZ (HMGA2-shlacZ). NMuMG-m is a sub-clone of parental NMuMG, which
exhibits a highly polarized epithelial morphology, and serves as a mock NMuMG-transfected clone for HMGA2-NMuMG cells (14, 15). Each bar represents mean � S.D.
values from triplicate samples. C, cellular morphology of parental NMuMG cells, HMGA2-NMuMG cells, and its derivatives described in A. Bar, 10 �m.

HMGA2 Regulates Twist during EMT

7140 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 10 • MARCH 2, 2012

http://www.jbc.org/cgi/content/full/M111.291385/DC1
http://www.jbc.org/cgi/content/full/M111.291385/DC1
http://www.jbc.org/cgi/content/full/M111.291385/DC1
http://www.jbc.org/cgi/content/full/M111.291385/DC1


tors (Fig. 3A). QRT-PCR analysis confirmed up to 6-fold knock-
down in several clones.4We selected two individual clones (#25
and #28) and a single control clone expressing an shRNA tar-
geting the bacterial LacZ mRNA (HMGA2-shlacZ) for further
analysis (Fig. 3A).
Molecular analysis of the EMT transcription factors at the

mRNA level confirmed that silencing of endogenous Twist led
to a concomitant down-regulation of Snail and Slug (Fig. 3A). In
contrast, in the same cells, the level of ZEB1 was weakly down-
regulated, and the level of ZEB2 mRNA was reduced by 25%
(Fig. 3A). Analysis of the corresponding protein levels (Fig. 3B)
revealed that the strongest effect of Twist silencing was on
ZEB1 expression, Snail was down-regulated but to intermedi-
ate levels, and ZEB2 was not affected at all. During these anal-
yses we failed to identify a Slug antibody that provided repro-
ducible and reliable protein data (not shown). We therefore
conclude that Twist significantly contributes to the sustained
expression of Snail and ZEB1 and possibly to the expression of
Slug. Conversely, Snail can also weakly contribute to the sus-
tained induction of Twist by HMGA2.
Morphological analysis of these stably transfected clones

demonstrated partial reversion of the mesenchymal phenotype
to an epithelial one, because the cells with reduced Twist levels
maintained features of the spindle-like morphology and
regained only partial cell-cell adhesion (Fig. 3C). To further
confirm themicroscopic observations, we performed immuno-
fluorescence analysis of the same stable cell clones and com-
pared the pattern of adhesion and extracellular matrix markers

to the pattern of NMuMG-m cells or HMGA2-NMuMG cells
(Fig. 4). HMGA2-NMuMG and HMGA2-shlacZ control cells
exhibited the characteristic mesenchymal phenotype with
complete loss of E-cadherin (adherens junction marker) and
ZO-1 (tight junction marker), enhanced fibronectin (extracel-
lular matrix marker) deposition, and characteristic actin stress
fiber organization (Fig. 4). Interestingly, the two clones that
exhibited significantly reduced levels of Twist expression (Fig.
3A) showed no evidence of E-cadherin-positive adherens junc-
tions, whereas some ZO-1-positive tight junctions could be
observed in one of the clones (shTwist #28) (Fig. 4). The same
cell clones exhibited an actin cytoskeleton that resembledmore
that of mesenchymal cells with strong stress fibers (Fig. 4).
However, clones shTwist #25 and #28 also showed scattered
cells with cortical actin assembly (Fig. 4). In addition, in one of
the clones (shTwist #28), the marker that showed the strongest
response to Twist silencing was fibronectin, whose extracellu-
lar deposition was significantly reduced (Fig. 4). The immuno-
fluorescence data were confirmed by immunoblotting of total
cell lysates from the same cell clones (supplemental Fig. S3A).
Although no detectable levels of E-cadherin or ZO-1 could be
measured after Twist silencing, therewas a reduction in expres-
sion of mesenchymal protein markers: N-cadherin, in the case
of clone shTwist #25; and fibronectin and �-smooth muscle
actin, in the case of clone shTwist #28. As expected, Twist
silencing had no impact on the robust expression of the
HMGA2 protein that is overexpressed in these clones (supple-
mental Fig. S3A). The marker analysis at the mRNA, protein,
and microscopic level allows us to conclude that silencing of
endogenous Twist expression in NMuMG cells that overex-

4 E.-J. Tan, S. Thuault, L. Caja, T. Carletti, C.-H. Heldin, and A. Moustakas, unpub-
lished data.

FIGURE 4. Protein marker analysis in HMGA2-NMuMG cells after Twist depletion. Immunostaining for E-cadherin, ZO-1, and fibronectin and phalloidin
staining (actin) in HMGA2-shTwist clones, as described in Fig. 3A. Bar, 20 �m.
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press HMGA2 was insufficient to drive the reversion of the cell
phenotype toward epithelial differentiation.
Twist and Snail Together Contribute to the Mesenchymal

Phenotype Induced by HMGA2—Because silencing Twist (Figs.
3 and 4) or Snail (14) alone partially reverted HMGA2-
NMuMG cells to epithelial cells, we decided to combine silenc-
ing of Snail and Twist in the samemesenchymal cells that over-
express HMGA2 (Fig. 5). This was achieved by stable
transfection of the previously established HMGA2-shSnail
clones (Fig. 5) (14), with the same vectors expressing shRNAs
targeting Twist as those used for single Twist silencing in the
experiments of Figs. 3 and 4. Stable transfection with a nonspe-
cific (shlacZ) vector confirmed continuous robust Twist
mRNA and only small reduction in protein expression in the
selected clones (Fig. 5, A and B). In contrast, several stable
clones exhibiting significant (50–70%) silencing of endogenous
Twist were obtained after transfection of the shTwist vector,
and two of them (clones #49 and #50) were selected for detailed

analysis (Fig. 5, A and B). Molecular analysis of additional tran-
scriptional regulators of the EMT program at the mRNA and
protein levels showed an interconnected pattern of regulation
(Fig. 5, A and B). At the mRNA level, Slug, ZEB1, and ZEB2
expression were significantly reduced upon silencing of both
Snail and Twist, as was the case in cells where only Snail was
silenced (Fig. 5A). At the protein level, as explained above, we
failed to analyze Slug levels. However, ZEB1 and ZEB2 showed
reciprocal patterns (Fig. 5B). When both Snail and Twist were
significantly reduced, then some cells exhibited strong ZEB2
down-regulation with relatively high, albeit reduced ZEB1 lev-
els (clone #49), and some cells showed strong ZEB1 down-reg-
ulation with relatively intact and high levels of ZEB2 (clone
#50). Overall these data confirm the intimate interconnection
between the various EMT transcription factors and suggest that
silencing of both Snail and Twist leads to a more profound
down-regulation of the levels of all five EMT transcription fac-
tors (at mRNA and protein levels combined), which was antic-

FIGURE 5. Twist and Snail depletion in HMGA2-NMuMG cells causes stronger epithelial reversion. A, quantitative RT-PCR analysis of Twist, Snail, Slug, ZEB1,
ZEB2, and E-cadherin mRNA levels; and B, immunoblots of Twist, Snail, ZEB1, and ZEB2 proteins in NMuMG-m and HMGA2-NMuMG cells (HMGA2, �), and cell
clones of HMGA2-shSnail constitutively expressing shRNA against Twist (HMGA2-shSnail/Twist #49 and #50) or its control HMGA2-shSnail/lacZ. Each bar
represents mean � S.D. values from triplicate samples. C, cellular morphology of parental NMuMG, HMGA2-shlacZ, and HMGA2-shSnail/Twist clones described
in A. Bar, 10 �m.
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ipated to cause a more efficient epithelial reversion of the cell
phenotype.
Consistent with this notion, microscopic analysis of the

clones that exhibit knockdown of both Snail and Twist revealed
rather homogeneous epithelial morphology (Fig. 5C), which
was significantly more differentiated than the phenotype of
cells with single Snail or single Twist knockdown (Figs. 3C and
5C). To further extend these observations, we studied various
protein markers using immunofluorescence microscopy (Fig.
6). The epithelial tight junction marker ZO-1 provided clear
evidence that clones exhibiting both low Snail and Twist
expression had the best organized tight junctions, with more
robust and contiguous assembly of the ZO-1-positive junc-
tional complexes, whereas the single Snail knockdown exhib-
ited interrupted, punctate-like tight junction assemblies (Fig. 6,
ZO-1 immunofluorescence). The ZO-1 profile was recapitu-
lated by the actin cytoskeleton pattern, as cloneswith both Snail
and Twist silenced showed the strongest cortical arrangement
of their cytoskeleton that resembled to a large extent the cyto-
skeleton of mock-transfected NMuMG cells (Fig. 6, actin fluo-
rescence). Fibronectin levels were also suppressed after double
Snail andTwist knockdown, supporting the epithelial reversion
of these stable cell clones (Fig. 6, fibronectin immunofluores-
cence). The immunofluorescence data were confirmed by
immunoblotting of total cell lysates from the same cell clones
(supplemental Fig. S3B). Although silencing of Snail and Twist
had no impact on HMGA2 transgene expression, strong ZO-1
protein levels were evident, accompanied by much weaker
fibronectin protein expression and even lower levels of the
other two mesenchymal protein markers, N-cadherin and
�-smooth muscle actin.

On the other hand, analysis for E-cadherin-positive adherens
junctions clearly demonstrated that none of the double-si-
lenced clones re-expressed this important epithelial marker
(Fig. 6, E-cadherin immunofluorescence). This resultwas quan-
tified using total cell lysate immunoblotting and mRNA analy-
sis, both showing undetectable levels of E-cadherin in clones
with both Snail and Twist silenced (Fig. 5A and supplemental
Fig. S3B). The latter suggests that, although mesenchymal
HMGA2-expressing cells revert into epithelial cells, which
build rather robust tight junction assemblies upon silencing of
both Snail and Twist (Fig. 6), these cells are not bona fide epi-
thelial cells because they failed to assemble adherens junctions
due to the dominant suppression of E-cadherin by HMGA2
(Figs. 5A and 6 and supplemental Fig. S3B). We therefore con-
clude that, although Snail and Twist mediate a fair number of
changes in the EMT caused by HMGA2 overexpression, these
transcriptional repressors obviously are not solely responsible
for the suppression of E-cadherin expression.

DISCUSSION

In this investigation, we provide four mechanistic messages
that are of importance for the process of EMT: (a) Twist and
Snail play partially redundant roles during EMT of mammary
epithelial cells; (b) Twist contributes, although weakly, to Snail
expression and, conversely, Snail contributes to Twist expres-
sion in the cascade of transcriptional events that lead to EMT
downstream of the TGF�/HMGA2 signaling module; (c)
HMGA2 suppresses expression of E-cadherin by yet unknown
mechanisms that do not seem to incorporate the action of Snail
and Twist; and (d) HMGA2 binds directly to promoter
sequences of the Twist gene and activates this promoter with-

FIGURE 6. Twist and Snail depletion in HMGA2-NMuMG cells causes tight junction reassembly. Immunostaining for E-cadherin, ZO-1, and fibronectin and
phalloidin staining (actin) in HMGA2-shSnail/Twist clones, as described in Fig. 5A. Bar, 20 �m.
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out activating downstream TGF�/Smad or MAPK, PI3K
signaling.
Based on the model proposed by our previous investigations

(14, 15), TGF� induces HMGA2 expression, which then orga-
nizes transcriptional induction of two major EMT regulators,
Snail and Twist (Fig. 7). These two transcription factors might
act in a complementary manner that ensures the robust and
stable transition of epithelial cells to the mesenchymal pheno-
type. The evidence provided by silencing experiments of Twist
alone or of both Snail and Twist in mesenchymal cells that
overexpress HMGA2 (Figs. 3–6) provides a more complicated
but probably more realistic model of regulation. Twist weakly
but reproducibly contributes to Snail expression, because
silencing of Twist perturbs the expression of Snail and silencing
of Snail weakly affects the expression of Twist (Figs. 3A, 5A, and
7, dotted arrow). Furthermore, ZEB2 seems to take input
mainly from Snail, whereas ZEB1 and Slug seem to take inputs
from both Snail and Twist (Figs. 3A, 5A, and 7).

We previously demonstrated a direct interaction of HMGA2
with Smads and with the Snail promoter (14). In mammary
epithelial cells responding to TGF� and undergoing EMT,
Snail is an immediate-early gene, whereas Twist is a late gene
(Fig. 1, D and E) (15). It is possible that long term silencing of
endogenous genes by stable shRNA constructs bypasses the
dynamic regulation of gene expression that operates in the
EMT program. In other words, HMGA2 rapidly induces Snail
expression in the absence of any contribution byTwist; later on,
Twist expression is induced. However, once Twist is induced, it
contributes to the maintenance of Snail levels. Thus, when
Twist is silenced stably, it also perturbs the long term induction
of Snail downstream of HMGA2 (Fig. 3, A and B). This mecha-
nism requires further investigation to directly demonstrate that
Twist protein binds to regulatory sequences of the Snail gene
and directly induces expression of Snail. Overall, thismodel of a
tight functional interconnection between Snail and Twist

downstream of HMGA2 is in good agreement with a recent
report on the cooperation of Snail and Twist in inducing
expression of ZEB1 in NMuMG cells after stimulation with
TGF� (22), which is further validated by the data herein (Figs.
3B, 5B, and 7).

It is also evident from the analysis of epithelial markers after
silencing of Twist (Figs. 4 and 6), that when epithelial cells turn
into mesenchymal, under the influence of high HMGA2
expression, Snail and Twist clearly contribute to this transition,
and a hallmark of their action is the lack of tight junctions. For
this reason, silencing of Snail and Twist restores tight junction
assembly despite the presence of high levels of HMGA2 in the
cells (Fig. 6). However, under the same conditions, the adherens
junctions (Fig. 6) and the total E-cadherin levels (Figs. 3A and
5A) do not revert. This observation opens the exciting possibil-
ity that HMGA2 may directly suppress expression of E-cad-
herin. If this stands true, it will represent a new aspect of the
multiple functionsHMGA2mediates, because this nuclear pro-
tein often associates with the assembly of enhanceosomes and
the positive regulation of transcription (16, 23). The prelimi-
nary evidence we provide about regulation of E-cadherin
expression byHMGA2may shed new light about howHMGA2
may also repress transcription of target genes. Alternatively,
HMGA2 may act on E-cadherin indirectly via another tran-
scriptional repressor, whose levels are induced by highHMGA2
expression. Experiments are underway to investigate this
possibility.
The mechanism by which HMGA2 induces expression of

Twist seems to involve direct association with A:T base pairs in
the proximal promoter of Twist, immediately downstream of
theTSS of this gene (Fig. 2 and supplemental Fig. S1). Themotif
identified here is in agreement with the motif identified in the
Snail promoter (14), and more generally, with the affinity that
HMGA2 shows for the minor groove of DNA, usually associ-
ated with A:T-rich sequences (16). The present ChIP analysis
also implicates additional upstream sites on theTwist promoter
where HMGA2 associates (Fig. 2G). However, the long
A-stretch of this upstream sequence does not conform to the
same sequence motif as that identified in the proximal Twist
promoter or other genes, and deletion experiments indicate
that this sequencemay not be as critical as the proximal site for
promoter activation in transfected cells (Fig. 2 and supplemen-
tal Fig. S1). Further analysis is needed to understand better the
contribution of HMGA2 on the regulation of the extended
Twist gene locus and the modifications of its chromatin.
We also found that Smads together with HMGA2 can regu-

late the Twist promoter (Fig. 1F). However, the magnitude of
effects wemeasured is drastically smaller from the regulation of
the Snail promoter by HMGA2 and Smads (14). This is in
agreementwith the evidence that, althoughHMGA2appears to
induce robust TwistmRNA and protein levels (Fig. 1, A and B),
which correlates with the robust activation of the Twist pro-
moter (Fig. 1C), TGF� induces Twist mRNA (Fig. 1D) and
Twist promoter activity (Fig. 1E) weakly and only after pro-
longed stimulation. Thus, protein complexes of Smads with
HMGA2 may not play as important a role in transcriptional
induction of Twist compared with their role in induction of
Snail. Within a TGF�-enriched environment, the activated

FIGURE 7. Diagram of the molecular pathway that leads to EMT down-
stream of TGF� and HMGA2, as analyzed in this study. TGF�, via Smads
induces expression of HMGA2. HMGA2 then binds to the promoters of Snail
and Twist and induces their expression. The Snail gene also receives addi-
tional inputs from TGF�, such as ERK MAPK signaling. The five pro-EMT tran-
scription factors (boxed) positively cross-regulate each other to elicit nuclear
reprogramming that leads to EMT. Snail and Twist cross-regulate expression
of each other albeit weakly (dotted arrow). Snail regulates expression of Slug,
ZEB1, and ZEB2, whereas Twist regulates expression of Slug and ZEB1. The
possible cross-regulation between ZEB1, ZEB2, and Slug was not examined in
this study.
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Smad complex can obviously also participate in the up-regula-
tion of Twist; however, it cannot play the primary role. This
suggests that the genomic organization of the Twist gene may
require the productive cooperation between HMGA2 and
another transcriptional partner to facilitate robust transcrip-
tional induction of Twist. Such a cofactor remains to be
identified.
In summary, the current study provides deep andmore com-

prehensive analysis of the relative roles Snail and Twist play,
under the instructions of the nuclear factor HMGA2, in pro-
moting the mesenchymal transition.
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