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Abstract: The epithelial-mesenchymal transition (EMT) is the process by which epithelial cells lose their tightly pack- 
ed polarized characteristics and acquire a migratory mesenchymal phenotype. EMT plays a pivotal role in embryonic 
development, wound healing, tissue regeneration, organ fibrosis and cancer progression. The basic helix-loop-helix 
(bHLH) transcription factors TWIST1/2 are key EMT-inducing transcription factors that govern transcription of EMT-
associated genes. Although regulation of TWIST1 activity and stability has been well studied, little is known about 
how TWIST2 is post-translationally regulated. Here we have identified ZNF451, a SUMO2/3 specific E3 ligase, as a 
novel regulator of TWIST2 in promoting its stability. ZNF451 directly binds to and SUMOylates TWIST2 at K129 resi-
due, and consequently blocks ubiquitination and proteasome-dependent degradation of TWIST2. Ectopic expres-
sion of ZNF451 increases the protein level of TWIST2 in mammary epithelial cells, leading to increased expression 
of mesenchymal markers, whereas depletion of ZNF451 suppresses mesenchymal phenotypes. Collectively, our 
findings demonstrate that ZNF451 plays a vital role in EMT through SUMOylation-dependent stabilization of TWIST2.
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Introduction

EMT is a physiological and multi-step process, 
by which the epithelial cells gradually lose cell 
polarity and cell-cell contacts, and acquire 
motile and invasive characteristics of mesen-
chymal cells [1, 2]. EMT is induced by several 
extracellular signals including components of 
growth factors such as TGF-β, NF-κB, FGF and 
EGF, hypoxia, and acidity in microenvironment 
[1, 3-8]. EMT plays a vital role in embryogenesis 
and development, including formation of meso-
derm in gastrulation, postnatal engagement in 
mammary gland development, and wound heal-
ing. EMT is also viewed as a pathologic phe-
nomenon that occurs in fibrosis, chronic inflam-
mation, and cancer [6, 9, 10]. EMT has been 
observed in various tumor tissues, such as 
breast cancer, lung cancer, prostate cancer 
and gastric cancer. In particular, EMT is associ-
ated with cancer metastasis, during which the 
carcinoma cells disseminate from the site of 

primary tumors and establish secondary tumors 
in distant organs [2, 11, 12]. EMT also contrib-
utes to resistance against conventional thera-
pies due to its critical role in maintaining cancer 
stem cell state [13-15]. 

E-Cadherin was considered as a suppressor of 
tumor progression. Decreased expression of 
E-Cadherin is associated with loss of cell differ-
entiation and poor prognosis in patients [16]. 
During the process of EMT, E-Cadherin is cru-
cially repressed at the transcriptional level, 
which is mainly triggered by elevated expres-
sion of key transcriptional factors of bHLH fam-
ily (TWIST1/2), Snail family (Snail/Slug), or ZEB 
factors (ZEB1/2) [1, 6, 17-19]. The regulatory 
roles of TWIST1 and TWIST2 in EMT initiation 
have been thoroughly studied. TWIST1/2 bind 
to the conserved E-box sequences of E-Cad- 
herin promoter and recruit the co-repression 
factors such as HDAC2 to repress the transcrip-
tion of E-Cadherin [20-23]. Consistent with this, 
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overexpression of TWIST1/2 induces the ex- 
pression of mesenchymal markers such as 
Fibronectin and N-Cadherin. Although TWIST1 
and TWIST2 share sequence homology and 
have demonstrated functional similarity, they 
have distinct functions. For example, mutations 
of TWIST1 and TWIST2 are found in different 
hereditary diseases. TWIST2 recessive muta-
tions cause Setleis syndrome, while dominant 
mutations of TWIST1 cause Saethre-Chotzen 
syndrome [24, 25], indicating that these two 
genes exhibit non-redundant functions in skin 
and bone development. Ectopic expression of 
TWIST2, but not TWIST1, in mammary epithelial 
cells and breast cancer cells increases the per-
centage of CD44high/CD24low sub-populations, 
promotes the expression of stem cell markers, 
and enhances the self-renewal of stem-like 
cells. Moreover, TWIST2 results in the constitu-
tive activation of STAT3, which exists in more 
than 50% of primary breast tumors and tumor-
derived cell lines [26].

Post-translational modifications of transcrip-
tion factors that are involved in the process of 
EMT such as Snail/Slug, ZEB1/2 and TWIST1 
have been reported to be one of the critical 
mechanisms for regulating their capacity to 
induce EMT [10, 27, 28]. Several ubiquitin E3 
ligases have been identified to promote protea-
somal degradation of TWIST1. For example, 
p53-Pirh2 complex promotes TWIST1 degrada-
tion and attenuates EMT [29]. Imipramine blue 
halts EMT by promoting FBXL14-mediated 
TWIST1 degradation [30]. Tumor suppressor 
PAQR3 suppresses EMT by promoting the  
complex formation between TWIST1 and its  
E3 ubiquitin ligase BTRC, which in turn increas-
es proteasome-mediated TWIST1 degradation 
[31]. IKKβ-mediated phosphorylation of TWIST1 
also enhances its degradation by increasing 
the binding affinity of BTRC to TWIST1 [32]. 
Furthermore, MAPK-mediated phosphorylation 
of TWIST1 on S68 residue enhances its stabili-
zation and drives invasion and metastasis of 
cancer cells [33], while SCP1-mediated dephos-
phorylation of pS68 accelerates TWIST1 degra-
dation [34]. However, till now, the functions and 
mechanisms of post-translational modification 
of the highly related TWIST2 were not defined.

SUMO is a small ubiquitin-like protein. Like 
ubiquitination, SUMOylation also targets lysine 
residues for conjugation with SUMO molecules 

as a post-translational modification of target 
protein. One way that SUMO modification regu-
lates protein function is to block ubiquitin con-
jugation to the same lysine residue, resulting  
in blockade of proteasome-mediated substra- 
te degradation [35, 36]. ZNF451 (also called 
ZATT), which is associated with promyelocytic 
leukemia bodies, is a SUMO2/3-specific E3 
ligase [37]. The known function of ZNF451 is to 
bind to and SUMOylate TOP2 cleavage complex 
(TOP2cc), which recruits tyrosyl-DNA phospho-
diesterase 2 (TDP2) on stalled TOP2cc, thus 
helping to resolve the genotoxic TOP2 DNA-
protein cross-links [38]. ZNF451 harbors two 
SUMO-Interacting Motifs (SIMs) and interacts 
with SUMO E2 conjugating enzyme Ubc9 or 
SUMOs [39, 40]. Thus, ZNF451 exerts its func-
tions via SUMO modification machinery. 

In this study, we identified ZNF451 as a positive 
regulator of EMT through its SUMO E3 ligase 
activity. Functionally, overexpression of ZNF451 
promotes EMT, while its knockdown profoundly 
inhibits EMT. Moreover, TWIST2 depletion at- 
tenuates ZNF451-mediated EMT process, sug-
gesting that ZNF451 enhances EMT through 
TWIST2. Mechanistically, ZNF451 interacts 
with TWIST2 and SUMOylates TWIST2 at K129 
residue. SUMOylation deficiency mutant of 
TWIST2 exhibits decreased ubiquitination and 
increased stability, indicating that the same 
K129 serves as the target residue for both 
SUMOylation and ubiquitination. Furthermore, 
ZNF451-induced SUMOylation of TWIST2 de- 
pends on its SIM motifs and its SUMO E3 ligase 
activity. Hence, findings from this study identi-
fied a novel function of ZNF451 in inducing the 
cell EMT response. Our studies also revealed a 
novel post-translational modification of TWIST2 
by SUMO through the E3 ligase activity of 
ZNF451, and discovered a novel mechanism by 
which ZNF451 regulates the activity of TWIST2 
during EMT. 

Material and methods

Plasmids 

Expression plasmids for full-length ZNF451, its 
domain mutants (SIM1, SIM2) and deletion 
mutants (1-256 and 56-end) were obtained by 
PCR and cloned into different mammalian ex- 
pression vectors to fuse with various tags. Their 
sequence integrity was confirmed by sequenc-
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ing. Plasmids expressing wild-type TWIST2 and 
its mutants (K32R, K52R, K53R, K91R, K108R, 
and K129R) were generated by PCR and PCR-
based mutagenesis. For lentiviral expression 
vector for ZNF451, ORF of ZNF451 or its mutant 
was subcloned into pWPI vector. For RNAi ex- 
periment, oligonucleotides targeting ZNF451 
shRNA were annealed and inserted into pLKO.1 
vector.

Antibodies and reagents 

Primary antibodies used in this study are as fol-
lowing: N-Cadherin (BD Biosciences), ubiquitin 
(Santa Cruz), ZNF451 and FLAG tag (Sigma), 
TWIST1 and TWIST2 (Abcam), E-Cadherin, Fi- 
bronectin, Vimentin and HA tag (Cell Signaling 
Technology). Puromycin and Cycloheximide 
(CHX) were purchased from Sigma and Merck, 
respectively.

Cell culture, cell transfection and lentiviral 
transduction 

MCF10A cells were maintained in Dulbecco’s 
modified Eagle medium/nutrient mixture F-12 
(5% horse serum, 20 ng/ml EGF, 0.5 mg/ml 
hydrocortisone, 100 ng/ml cholera toxin and 
10 μg/ml insulin). MCF10A were transfected 
with plasmids mixed with X-tremeGENE™ HP 
DNA Transfection Reagent (Roche) at the ratio 
of 1:2.5. HEK293T cells were maintained in 
Dulbecco’s modified Eagle’s medium plus 10% 
fetal bovine serum. HEK293T cells were trans-
fected with plasmids mixed with Polyethy- 
lenimine (Polyscience) at the ratio of 1:3. HaCaT 
cells were maintained in minimum Eagle’s 
medium supplemented with 10% fetal bovine 
serum.

For stable expression of ZNF451, HEK293T 
cells were transfected with lentiviral expres- 
sion plasmids together with lentiviral packag- 
ing plasmid psPAX2 and envelope plasmid 
pMD2.G. 48 h after transfection, lentiviruses 
were collected from the medium, purified by 
centrifugation and then used to infect host 
cells. Stable cells were selected in the pres-
ence of 2 ng/ml of puromycin.

Immunoprecipitation and western blotting 

Immunoprecipitation (IP) was performed as 
previously described. Briefly, plasmids of HA- 
ZNF451 and Myc-TWIST1/2 were transiently 

co-transfected into HEK239T cells. 36 h after 
transfection, cell lysates were harvested by 
lysis buffer (150 mM NaCl, 20 mM Tris-HCl pH 
8.0, 1% NP-40, 2 mM EDTA). Protein A Se- 
pharose CL-4B (GE Healthcare) and anti-HA 
antibodies were added into the cell lysates and 
incubate at 4°C for 6 h. After 3x washes, immu-
noprecipitated proteins were separated by 
SDS-PAGE, transferred to polyvinylidene difluo-
ride membrane, immunostained by indicated 
primary antibodies, and finally detected by 
horseradish peroxidase-conjugated secondary 
antibodies and visualized by chemilumines-
cence (Pierce).

In vitro GST pull-down assay

GST pull-down experiments were carried out as 
previously described [41]. GST fusion protein of 
TWIST1/2 was prepared from E. coli strain DE3. 
In vitro translation of FLAG-ZNF451 was carried 
out using Quick Coupled Transcription/Transla- 
tion System (Promega). 

SUMOylation assay in vivo

SUMOylation of TWIST2 was carried out as pre-
viously described [42]. Briefly, HEK293T cells 
were transiently transfected with TWIST2 (HA- 
or His-tag) and SUMO2/3. HA-TWIST2 was IP’ed 
using anti-HA antibody or His-TWIST2 was pu- 
lled down using Ni-NTA beads (Pierce) under a 
denature condition. Precipitates were analyzed 
using anti-SUMO (or epitope tag on SUMO) anti-
bodies by western blotting assays. 

RNA interference 

Small interference RNAs (siRNAs) targeting 
human TWIST2 were synthesized by RiboBio Co 
(target sequence: nt 305-323 of coding region, 
GCAAGATCCAGACGCTCAA). Cells were trans-
fected with siControl or siTWIST2 using Lipo- 
fectamine RNAi MAX (Invitrogen). Small hairpin 
RNA (shRNA) targeting human ZNF451 were 
designed as the following: shZNF451 target 
sequence, nt 810-828 of coding region, GCA- 
TATGTCTGGAAAGAAT. 

Quantitative reverse transcription-PCR (qRT-
PCR)

Total RNA (1 μg) isolated from cells using TRIzol 
Reagent (Invitrogen) was reverse-transcribed to 
complementary DNA using Transcriptor Reverse 
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Transcriptase (Takara). Complementary DNA 
was then diluted and used for quantification by 
real-time PCR using Power SYBR® Green PCR 
Master Mix (Applied Biosystems) and 7500 
real-time PCR system (Applied Biosystems). 
qRT-PCR primers were listed in the following: 
E-Cadherin, 5’-GACAACAAGCCCGAATT-3’ (for-
ward) and 5’-GGAAACTCTCTCGGTCCA-3’ (re- 
verse); N-Cadherin, 5’-CGGGTAATCCTCCCAAAT- 
CA-3’ (forward) and 5’-CTTTATCCCGGCGTTTCA- 
TC-3’ (reverse); Vimentin, 5’-GAGAACTTTGCCG- 
TTGAAGC-3’ (forward) and 5’-GCTTCCTGTAG- 
GTGGCAATC-3’ (reverse); Fibronectin, 5’-CAGT- 
GGGAGACCTCGAGAAG-3’ (forward) and 5’-TCC- 
CTCGGAACATCAGAAAC-3’ (reverse); GAPDH, 5’- 
AGCCACATCGCTCAGACAC-3’ (forward) and 5’- 
GCCCAATACGACCAAATCC-3’ (reverse).

Results

ZNF451 promotes EMT

We initially identified ZNF451 as an interacting 
protein of Smad4, the central mediator in TGF- 
signal transduction. We have previously report-
ed that ZNF451 binds to Smad4 and inhibits 
Smad4-mediated, TGF-β-induced growth inhibi-
tory function [41]. Since TGF-β activity is a 
strong inducer of EMT, we expected that 
ZNF451 would inhibit EMT. To test this, we gen-
erated cell clones that stably expressed FLAG-
ZNF451 in MCF10A and HaCaT cell line, the in 
vitro model cell systems to study the process of 
EMT. MCF10A and HaCaT cell are immortalized 
human mammary epithelial and keratinocyte 
cell lines, respectively. To our surprise, we 
found that ectopic expression of ZNF451 
induced EMT, converting the epithelial cell mor-
phology to mesenchymal cell morphology. As 
shown in Figure 1A, FLAG-ZNF451-expressing 
cells began to lose their polarized epithelial cell 
morphology and became scattered and spin-
dle-like, resembling mesenchymal cell mor-
phology in both cell lines (Figure 1A). Western 
blot analysis of typical EMT markers revealed 
that, in comparison to control vector-transfect-
ed cells, ectopic expression of ZNF451 de- 
creased the level of epithelial marker E-Cad- 
herin and increased the level of mesenchymal 
markers such as N-Cadherin, Vimentin and 
Fibronectin in both MCF10A and HaCaT cells 
(Figure 1B). Immunofluorescence staining of 
control and ZNF451-expressing cells confirmed 
the down regulation of E-Cadherin and the up 

regulation of Vimentin and Fibronectin in 
ZNF451-expressing cells (Figure 1C, and data 
not shown). Further analysis with qRT-PCR 
revealed that the ZNF451-mediated regulation 
of EMT marker expression was at the transcrip-
tional level (Figure 1D).

To confirm the above observation obtained 
from ZNF451 ectopic expression experiments 
and determine the physiological functions  
of ZNF451 in EMT regulation, we used both 
CRISPR/Cas9-mediated gene knockout and 
lentivirus-mediated specific shRNA knockdo- 
wn approaches to deplete the expression of 
ZNF451 in MCF10A and HaCaT and to study the 
effect of ZNF451 depletion on cell morphology 
and EMT. The representative morphology of 
control and ZNF451-depleted cells was shown 
in Figure 2A. We found that MCF10A and HaCaT 
cells with depletion of ZNF451 exhibited more 
columnar-like and packed morphology (Figure 
2A). Western blot analysis and qRT-PCR analy-
sis of EMT markers confirmed the morpholo- 
gical changes that knockdown of ZNF451 in- 
creased the expression of epithelial marker 
(E-Cadherin) and reduced the expression of 
mesenchymal markers (N-Cadherin, Vimentin 
and Fibronectin) at both protein and mRNA lev-
els (Figure 2B, 2C, and data not shown). Im- 
munofluorescence staining further confirmed 
the expression of E-Cadherin was enhanced 
whereas that of Fibronectin and Vimentin was 
decreased in ZNF451-depleted MCF10A and 
HaCaT cells (Figure 2D and data not shown). 
Knockout of ZNF451 gene by CRISPR/Cas9 in 
HaCaT also led to the same results (Figure 2E, 
2F). Taken together, our results from ZNF451 
ectopic expression and depletion of ZNF451 
expression approaches suggest that ZNF451 
promotes the process of EMT.

ZNF451-induced EMT does not require Smad4 

It has been reported that EMT can be induced 
or regulated by various growth factors, among 
which TGF-β has been well documented as a 
major inducer of EMT during embryogenesis, 
cancer progression and fibrosis [4, 5, 43]. 
Although we previously showed that ZNF451 is 
a negative regulator of TGF-β activity through 
interacting with Smad4 to attenuate TGF-β-
induced growth inhibition [41], the ability of 
ZNF451 to induce EMT is obviously opposite to 
its role as a negative regulator of TGF-β signal-
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ing. Thus, we sought to understand this para-
doxical role of ZNF451 in TGF-β-induced EMT in 
MCF10A cells. Upon TGF-β treatment (1 ng/ml, 
24 h), MCF10A control cells began to undergo 
EMT as expected and became scattered, while 

FLAG-ZNF451-expressing MCF10A cells had 
more dispersive distribution and spindle-like 
morphology, much closer to that of mesenchy-
mal cells after TGF-β treatment, suggesting a 
synergistic effect of ZNF451 with TGF-β in 

Figure 1. Ectopic expression of ZNF451 enhances EMT in MCF10A and HaCaT cells. A. Overexpression of ZNF451 
promotes mesenchymal phenotype in MCF10A and HaCaT cells. Scale bars, 100 μm. B. ZNF451 increases the 
expression of mesenchymal markers, but decreases that of E-Cadherin, an epithelial marker. Protein levels of N-
Cadherin, E-Cadherin, Fibronectin, Vimentin and transfected ZNF451 were analyzed in indicated cells by western 
blotting. β-Actin is an internal control. C. ZNF451 promotes EMT phenotype. Immunofluorescence staining assays 
were performed in control and ZNF451 expressing MCF10A cells. E-Cadherin, Fibronectin, Vimentin and transfected 
ZNF451 proteins were immunostained (green) and DAPI marks the nucleus (blue). D. ZNF451 promotes transcrip-
tional changes of EMT markers. Total mRNAs from MCF10A cells stably expressing ZNF451 or control were extracted 
for qRT-PCR analysis. Target genes include E-Cadherin, Fibronectin, Vimentin and ZNF451. Data are shown in tripli-
cates as mean + s.e.m. *P < 0.05, **P < 0.01. 
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Figure 2. Depletion of ZNF451 expression attenuates EMT morphology. A. Knockdown of ZNF451 enhances epi-
thelial morphology in MCF10A and HaCaT cells. Scale bars, 100 μm. B. Knockdown of ZNF451 enhances the ex-
pression of epithelial marker, but inhibits that of mesenchymal markers. Whole cell lysates from shControl and 
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inducing EMT (Figure 3A). Western blot as- 
says of standard EMT markers confirmed that 
ZNF451 overexpression modulated the expres-
sion of EMT markers to the similar extent as 
achieved by TGF-β treatment (Figure 3B, Lane 
2 and 3). Moreover, the effect of ZNF451 in 
suppressing the expression of E-Cadherin and 
inducing the expression of N-Cadherin and 
Fibronection was further enhanced by TGF-β 
treatment (Figure 3B, Lane 4). As EMT repre-
sents a process in which epithelial cells gain 
the features of invasive mesenchymal cells, in 
addition to examining the protein levels of EMT 
markers, we also assessed the effect of 
ZNF451 in cell migration by using wound-heal-
ing assays in MCF10A cells. As shown in Figure 
3C, TGF-β treatment induced the migration of 
vector-transfected control cells, and ectopic 
expression of ZNF451 induced cell migration 
similarly. However, importantly, expression of 
ZNF451 rendered cells to be more migratory in 
response to TGF-β. To validate the data ob- 
tained from ZNF451 overexpression experi-
ments, we examined the effects of ZNF451 on 
TGF-β-induced expression of EMT markers in 
ZNF451 knockdown cells (Figure 3D). As 
expected, TGF-β treatment inhibited the expres-
sion of E-Cadherin while simultaneously induc-
ing the expression of N-Cadherin and Fibro- 
nectin in shControl cells, which was attenuated 
in shZNF451 cells (Figure 3D). To determine if 
the shZNF451 cells were responsive to TGF-β, 
expression of p21, which is normally induced to 
enable TGF-β growth inhibitory response, was 
measured in shZNF451 cells. TGF-β-induced 
expression of p21 was enhanced in shZNF451 
cells, which is consistent with our previous find-
ing that ZNF451 actually suppressed TGF-β-
induced p21 expression [41]. 

Smad4, the central mediator for TGF-β signal 
transduction, plays an essential role in TGF-β-
induced growth inhibitory function and EMT. 

Since we identified ZNF451 initially as a 
Smad4-binding protein and that ZNF451 inhib-
ited Smad4/TGF-β-induced growth inhibition, 
we questioned the role of Smad4 in ZNF451-
induced EMT. For this purpose, we constructed 
FLAG-ZNF451 and shZNF451 in Smad4 KO 
HaCaT cells. As shown in Figure 4A, Smad4 
protein expression was diminished in Smad4 
KO cells. However, ectopic expression of 
ZNF451 in Smad4 KO cells still retained the 
ability to induce EMT markers such as a de- 
creased expression of E-Cadherin and an in- 
creased expression of N-Cadherin and Fibro- 
nectin (Figure 4B, Lane 3 and 4). Conversely, 
knockdown of ZNF451 in Smad4 KO cell could 
still increase the expression of E-Cadherin and 
suppress the expression of N-Cadherin and 
Fibronectin (Figure 4B, Lane 1 and 2, Figure 
4C). The effect of ZNF451 overexpression and 
ZNF451 knockdown on the expression of EMT 
markers obtained from western blot analysis 
was further confirmed by immunofluorescence 
staining of E-Cadherin and Fibronectin in 
Smad4 KO cells (Figure 4D). qRT-PCR assays 
for the transcript levels of EMT markers in 
ZNF451 overexpression cells and in ZNF451 
knockdown cells also showed the same results 
that the expression level of ZNF451 exhibited a 
positive correlation with those of mesenchymal 
markers and a negative correlation with epithe-
lial markers (Figure 4E), suggesting that Smad4 
was not required for ZNF451-induced EMT. 

ZNF451 promotes EMT through its SUMO E3 
ligase activity 

What is the molecular mechanism underlying 
the function of ZNF451 in inducing cellular EMT 
process? Since ZNF451 belongs to the new 
class of SUMO2/3-specific ligases that execute 
catalysis via a tandem SUMO-interaction motif 
(SIM) region [44], we first wondered if the effect 
of ZNF451 in inducing EMT requires its SUMO 

shZNF451 were harvested for western blotting analysis with N-Cadherin, E-Cadherin, Vimentin, Fibronectin and 
ZNF451. β-Actin is an internal reference. C. Knockdown of ZNF451 reverses transcriptional changes for EMT. Total 
mRNAs from MCF10A cells with shZNF451 or control were extracted for qRT-PCR analysis of target genes such as 
E-Cadherin, Fibronectin, Vimentin and endogenous ZNF451. Data are shown in triplicates as mean + s.e.m. *P < 
0.05, **P < 0.01. D. Expression of ZNF451 promotes epithelial features. Immunofluorescence staining assay was 
performed in MCF10A cells stably carrying shZNF451 and shControl. E-Cadherin, Fibronectin, and Vimentin proteins 
were immunostained (green). DAPI marks the nucleus (blue). E. CRISPR/Cas9 gDNA sequence targeting second SIM 
domain of ZNF45. The gDNA target is shown with targeted sequence in cyan and PAM in red. F. Knockout of ZNF451 
in HaCaT cells increases the expression of E-Cadherin, and decreases that of Fibronectin and N-Cadherin. Four 
clones of ZNF451 KO and two clones of control were used. Whole cell lysates were harvested for western blotting 
analysis with antibodies against N-Cadherin, E-Cadherin, Fibronectin and ZNF451. β-Actin is an internal reference.
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Figure 3. ZNF451 enhances TGF-β-induced EMT and promotes migration in epithelial cells. A. ZNF451 promotes TGF-β-induced morphological changes. MCF10A 
cells stably expressing ZNF451 or vector control were treated with TGF-β (2 ng/ml) for 48 h. Scale bars, 100 μm. B. Stable expression of ZNF451 enhances TGF-β-
induced downregulation of E-Cadherin expression and upregulation of mesenchymal gene expression. Stable expression of ZNF451 or control was treated with 2 
ng/ml TGF-β or without TGF-β treatment for 36 h. Levels of E-Cadherin, N-Cadherin, Fibronectin and FLAG-ZNF451 were analyzed by western blotting. β-Actin is an 
internal reference. C. ZNF451 accelerates TGF-β-induced cell migration. Confluent monolayers of MCF10A cells stably expressing ZNF451 or control were scratched 
with a pipette tip to create a cell-free space. The wounded cell monolayers were pre-incubated with or without 2 ng/ml of TGF-β for 12 h. The wound healing was 
recorded by microphotography of the same region after 12 h. Quantitative analysis of wound healing was performed. Data are shown in triplicates as mean + s.e.m. 
*P < 0.05, **P < 0.01. D. Knockdown of ZNF451 in MCF10A cells attenuates TGF-β-induced EMT marker expression. Cells with stable knockdown of ZNF451 or 
control were treated with 2 ng/ml TGF-β for different time (12, 24, 36 or 48 h) or without TGF-β treatment. Levels of N-Cadherin, E-Cadherin, Fibronectin, p21 and 
endogenous ZNF451 were analyzed by western blotting. β-Actin is an internal reference. SB431542 is a selective and potent inhibitor of the TGF-β pathway that 
inhibits ALK5.
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Figure 4. ZNF451 enhances EMT independent of Smad4. A. Western blot assays indicates the knockout efficiency of Smad4 in Smad4 KO HaCaT cells. β-Actin is an 
internal reference. B. ZNF451 retains the ability to promote EMT in Smad4 KO HaCaT cells. B. The expression of EMT markers was examined in Smad4 KO HaCaT 
cells stably expressing ZNF451 or shZNF451 and their control cells. Levels of E-Cadherin, N-Cadherin, Fibronectin and ZNF451 were analyzed by western blotting. 
β-Actin is an internal reference. C. Depletion of ZNF451 inhibits EMT in Smad4 KO HaCaT cells. Levels of E-Cadherin, N-Cadherin and endogenous ZNF451 were ana-
lyzed by western blotting. β-Actin is an internal reference. D. ZNF451 is still able to decrease the expression of E-Cadherin and increase the expression of Fibronectin 
in Smad4 KO HaCaT cells. Immunofluorescence staining assay was performed in ZNF451-expressing or control and shZNF451-expressing or control Smad4 KO 
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E3 ligase activity. To test this, we generated 
several ZNF451 mutation constructs, including 
the ZNF45-SIM2 mutant with a point mutation 
in the SIM2 region which resulted in the loss of 
SUMO E3 ligase activity, and two deletion mu- 
tants: ZNF451 1-256 (N-terminal 1-256 amid 
acids only) and ZNF451 56-end (N-terminal 

deletion), both of which lost SUMOylation activ-
ity (Figure 5A). When we ectopically expressed 
these ZNF451 mutants in HaCaT cells, we 
found that only ZNF451 wildtype (Figure 5B, 
Lane 4) retained while all of the SUMO E3 ligase 
mutants lost the ability to down regulate the 
expression of E-Cadherin and up regulate that 

HaCaT cells. E-Cadherin and Fibronectin were immunostained (green). DAPI marks the nucleus (blue). E. ZNF451 
increases, while shZNF451 decreases, the mRNA levels of mesenchymal markers in Smad4 KO HaCaT cells. Total 
mRNAs from Smad4 KO HaCaT cells with stable expression or knockdown of ZNF451 or control were extracted for 
qRT-PCR analysis. Data are shown as mean + s.e.m. (triplicate assays). *P < 0.05, **P < 0.01.

Figure 5. SUMO E3 ligase activity of ZNF451 is essential in promoting EMT morphology. A. The schematic diagram 
of ZNF451 wildtype and mutants. Structural domains are indicated. ZNF451 SIM2 mutant carries a mutation in the 
second SIM domain leading to the loss of E3 ligase activity. ZNF451 1-256 mutant consists of first 256 aa including 
the SIM1/2 domains. ZNF451 56-end mutant represents a truncation lacking the N-terminal 56 amino acids that 
delete the two SIM domains. B. ZNF451-induced EMT requires the integrity of its SUMOylation activity. Only wildtype 
ZNF451 (Lane 4) can induce the suppression of epithelial marker E-Cadherin while increase the expression of mes-
enchymal markers N-Cadherin, Vimentin and Fibronectin. Cell lysates from control, ZNF451 WT and mutants were 
harvested for western blotting analysis of different EMT makers and ZNF wildtype and mutants. β-Actin is an internal 
reference. C. ZNF451 increases TGF-β-induced F-Actin formation. HaCaT cells stably expressing wild-type ZNF451 
or its E3 ligase inactive mutant ZNF451-SIM2 or control were stained by phalloidine. Red represents F-Actin, green 
represents FLAG tag fusion protein and blue represents cell nucleus. 
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of mesenchymal markers (e.g. N-Cadherin, 
Vimentin and Fibronectin), indicating that these 
mutants fail to induce EMT responses and the 
SUMO E3 ligase activity was required for 
ZNF451 function (Figure 5B). We further per-
formed phalloidine staining to evaluate the 
accumulation and distribution of F-Actin during 
EMT in the presence or absence of TGF-β treat-
ment. Expression of ZNF451 apparently aug-
mented TGF-β-induced actin cytoskeleton re- 
arrangement associated with EMT, whereas 
ZNF451 SIM2 mutant that lost SUMO E3 ligase 
activity abolished the assembly of F-Actin fiber 
(Figure 5C). These results suggest that ZNF451 
promotes EMT dependent on its SUMO E3 
ligase activity.

ZNF451 binds to TWIST1/2 and stabilizes 
TWIST2

ZNF451 is a nuclear protein localized in the 
nuclear PML bodies where it forms scaffolds 
with both transcriptional co-activators and 
repressors. Components of PML bodies are 
assembled to enrich or trap transcription fac-
tors and SUMO modifications can act as the 
determinants in this assembly [35]. As EMT ini-
tiation and progression are tightly controlled by 
transcription factors such as Snail/Slug and 
TWIST1/2 [21], we were wondering if ZNF451 
might induce EMT through modulating these 
transcription factors. To identify which tran-
scription factor(s) was directly regulated by 
ZNF451, we performed co-immunoprecipitation 
screen to identify ZNF451-associated transcrip-
tion factors (data not shown). We found that 
ZNF451 interacted with TWIST1 and TWIST2 in 
HEK293T cells (Figure 6A, Lane 4 and 5). When 
we immunoprecipitated ZNF451 from cell 
lysates with HA antibody, we could detect the 
presence of TWIST1 and TWIST2 in the immu-
noprecipitated complex as determined by west-
ern blot assay with anti-Myc antibody. RanBP3 
was also co-transfected in this experiment to 
serve as a negative binding control (Figure 6A, 
Lane 6). To determine whether ZNF451 associ-
ated with TWIST1 and TWIST2 directly or indi-
rectly through other binding partners, we per-
formed an in vitro GST pulldown assay. We 
observed a direct interaction of ZNF451 with 
TWIST1 and TWIST2. As shown in Figure 6B, 
both purified GST-TWIST1 and GST-TWIST2 
could retrieve the in vitro translated FLAG-
ZNF451 in the binding assay. 

As TWIST1/2 are highly unstable proteins with 
a very short half-life around 45 min [21], we 
also tested the effect of ZNF451 on the protein 
stability of TWIST1/2 in HEK293T cells. In the 
cycloheximide (CHX) chase assay to determine 
the half-life of TWIST1/2, we found that ectopic 
expression of FLAG-ZNF451 had no effect on 
the half-life of TWIST1 (Figure 6C). In contrast, 
ectopic expression of FLAG-ZNF451 dramati-
cally increased the protein stability of TWIST2 
(Figure 6D). In addition, FLAG-ZNF451 increas- 
ed the protein level of TWIST2 in a dose-depen-
dent manner (Figure 6E). These results suggest 
that ZNF451 specifically controls the stability of 
TWIST2, but not TWIST1.

ZNF451 SUMOylates TWIST2 at K129 site and 
decreases its ubiquitination

Since the SUMO E3 ligase activity of ZNF451 
drives EMT and stabilizes TWIST2, we won-
dered if ZNF451 could SUMOylate TWIST2. We 
used TWIST2 and ZNF451 co-transfection 
experiments in HEK293T cells. As shown in 
Figure 7A, we found that TWIST2 was SUMO 
modified by the co-expression of ZNF451 
(Figure 7A, Lane 4). However, when SUMO E3 
ligase inactive form of ZNF451 SIM1 or SIM2 
mutant was co-expressed, the SUMO modifica-
tion of TWIST2 was not detected (Figure 7B, 
Lane 5 and 6), comparing to wildtype ZNF451 
transfected sample (Figure 7B, Lane 4). These 
data suggest that ZNF451 caused SUMOyla- 
tion of TWIST2, which required its E3 ligase 
activity.

We next sought to identify the specific SUMOy- 
lation sites on TWIST2. TWIST2 contains six 
putative lysine residues that were predicted for 
SUMO modification. We then generated muta-
tion constructs in which each of these lysine (K) 
residues were exchanged to arginine (R). By co-
transfecting individually each of the mutants 
with ZNF451 and SUMO3, we found that the 
SUMOylation band of TWIST2 completely van-
ished when K129 was mutated to R129 (Figure 
7C, Lane 9), indicating that K129 residue of 
TWIST2 is the main SUMOylation site. By using 
CHX pulse-chase experiment to compare the 
stability of wildtype and K129R mutant of 
TWIST2, we found that the TWIST2 K129R 
mutant was much more stable than wildtype 
TWIST2 (Figure 7D), suggesting that the K129 
site was important for TWIST2 degradation. In 
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this experiment, GFP was transfected in all the 
samples and GFP expression level was exam-
ined by western blot assay to serve as an inter-
nal negative control. GFP level was uniform in 
all the samples (Figure 7D). Since TWIST2 deg-
radation is partially mediated by the ubiquitin-
proteasome pathway, we then examined the 
ubiquitination of TWIST2 proteins. We found 
that wildtype ZNF451 strongly decreased the 
ubiquitination of TWIST2 (Figure 7E, comparing 
Lane 3 and 4), and this inhibition was partially 

attenuated in SIM2 mutant of ZNF451-expre- 
ssing cells (Figure 7E, Lane 5). Furthermore, 
the ubiquitination of TWIST2 K129R mutant 
was greatly reduced even in the absence of 
ZNF451 (Figure 7E, Lane 6). Hence, these 
results suggested that K129 site in TWIST2 
was the major site for SUMO modification and 
ubiquitination, and that ZNF451-mediated SU- 
MOylation at the K129 residue might antago-
nize the ubiquitination of TWIST2 on the same 
lysine acceptor. 

Figure 6. ZNF451 binds to TWIST1 and TWIST2, but specifically stabilizes TWIST2. (A) ZNF451 interacts with 
TWIST1/2 in vivo. HEK293T cells were transiently transfected with the indicated plasmids. ZNF451 was immuno-
precipitated (IP) with anti-HA antibody and then subjected to SDS-PAGE and western blotting with anti-Myc antibody 
to detect ZNF451-bound TWIST1/2. RanBP3 protein was used as negative binding control. (B) Direct interaction 
between ZNF451 and TWIST1/2 in vitro. GST-TWIST1 or GST-TWIST2 fusion protein was expressed in E. coli and 
purified by glutathione beads. In vitro translated FLAG-ZNF451 was incubated with purified glutathione bead-bound 
GST protein or GST-TWIST1/2. The retrieved complex was subjected to SDS-PAGE and the presence of ZNF451 
was detected by western bloting with anti-FLAG antibody. The input of GST, GST-TWIST1, or GST-TWIST2 was shown 
by Ponceau S staining. (C) ZNF451 has minimal effect on the half-life of TWIST1. TWIST1 was co-transfected with 
HA-ZNF451 in HEK293T cells. After 36 h, cells were treated with CHX (10 μg/ml) for the indicated time. Whole cell 
lysates were harvested for western blotting analysis. (D) ZNF451 prolongs the half-life of TWIST2. Transfection, CHX 
treatment and western blotting analysis were done as described in (C). (E) ZNF451 stabilizes TWIST2 in a dose-
dependent manner. The same amounts of TWIST1 or TWIST2 were transfected with an increasing amount of HA-
ZNF451 in HEK293T cells. After 36 h, cell lysates were harvested for western blotting analysis. 
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ZNF451 promotes EMT through TWIST2 

To directly demonstrate the functional impor-
tance of ZNF451-regulated stability of TWIST2 
in EMT, we examined the effect of TWIST2 
knockdown in ZNF451-induced EMT in MCF10A 
cells. As shown in Figure 8A, ectopic expres-
sion of ZNF451 dramatically increased the 
endogenous level of TWIST2, but not TWIST1 
(Figure 8A, Lane 2), and induced the expres-
sion of EMT marker: e.g. downregulation of 

E-Cadherin expression and upregulation of 
N-Cadherin and Fibronectin. However, when 
TWIST2 was knocked down by siTWIST2, ZNF- 
451-induced EMT phenotype was attenuated: 
e.g. the protein levels of Fibronectin and 
N-Cadherin were markedly decreased, while 
the protein level of E-Cadherin was partially 
recovered (Figure 8A, Lane 3). Consistently, 
wound healing assays that measured the cell 
migratory ability showed the same results; the 
ZNF451-expressing cells exhibited more motili-

Figure 7. ZNF451 SUMOylates TWIST2 at K129 residue and decreases the ubiquitination level of TWIST2. (A)
ZNF451 drives SUMO3 modification of TWIST2. HEK293T cells were transiently transfected with the indicated plas-
mids and the SUMOylation of TWIST2 was examined with Ni-NTA precipitation, followed by western blotting. (B)
ZNF451 requires its SUMO E3 activity to drive SUMO3 modification of TWIST2. HEK293T cell transfection with wild-
type ZNF451 or E3 ligase inactive mutants of ZNF451 SIM1 or SIM2, Ni-NTA precipitation and western blotting were 
done as in (C). (C) Lys-129 is the SUMOylation acceptor of TWIST2. HEK293T cells were transfected with indicated 
plasmids. Whole cell lysates were tested for SUMOylation of TWIST2 WT or its mutants (K32R, K52R, K53R, K91R, 
K108R, K129R). (D) TWIST2 K129R mutant has a prolonged half-life. TWIST2 WT or TWIST2 K129 mutant was 
transfected in HEK293T cells. After 36 h, cells were treated with CHX (10 μg/ml) for indicated time above. Whole 
cell lysates were harvested for western blotting analysis. GFP was co-transfected and examined by Western blot in 
all samples as an internal control. (E) ZNF451 decreases TWIST2 ubiquitination. HEK293T cells were transfected 
with indicated plasmids. His-Ub was retrieved by using Ni-NTA precipitation and then subjected to anti-HA western 
blotting analysis for TWIST2 ubiquitination detection. 
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ty, which could be blocked by siTWIST2 (Figure 
8B). To further demonstrate the important role 
of TWIST2 SUMOylation in ZNF451-mediated 
EMT, wildtype or SIM2 mutant of ZNF451 was 
co-transfected with TWIST2 in an E-Cadherin-
luc reporter assay to measure the repressing 
activity of TWIST2 on the E-Cadherin promoter. 
We found that wildtype ZNF451 facilitated the 
repressive effect of TWIST2 on E-Cadherin pro-
moter (Figure 8C), whereas ZNF451 SIM2 mu- 
tant partially lost this repressive activity on 
E-Cadherin promoter. Consistently, analysis of 
the Cancer Genome Atlas (TCGA) data found 
that the ZNF451 mRNA level was higher in 

hepatocellular carcinoma (HCC) than that in 
normal tissues (Figure 8D). Furthermore, TCGA 
data also showed a positive correlation bet- 
ween ZNF451 and N-Cadherin expression (Fig- 
ure 8E).

Taken together, we proposed that ZNF451 regu-
lates EMT response, which requires its SUMO 
E3 ligase activity and its effect on TWIST2 
SUMOylation and ubiquitination (Figure 8F).

Discussion

We previously identified ZNF451 as a transcrip-
tional co-repressor of TGF-β signaling. ZNF451 

Figure 8. ZNF451 mediates EMT through TWIST2. A. Knockdown of TWIST2 attenuates ZNF451-induced EMT in 
MCF10A. siTWIST2 or siControl was transfected into MCF10A cell lines harboring FLAG-ZNF451 or control. After 48 
h, whole cell lysates were harvested for western blotting analysis to determine the expression of EMT markers. B. 
Knockdown of TWIST2 compromises ZNF451-induced wound healing response in MCF10A. siTWIST2 or siControl 
were transfected into MCF10A cell lines harboring FLAG-ZNF451 or control. Confluent monolayers of cells were 
scratched with a pipette tip to create a cell-free space. The wound healing was recorded by microphotography of 
the same region during 18 h period. Quantitative analysis of wound healing was performed. Data are shown as 
mean + s.e.m. (triplicate assays). *P < 0.05, **P < 0.01. C. Wildtype ZNF451 but not E3 ligase inactive mutant of 
ZNF451 SIM2 facilitates TWIST2-induced suppression of E-Cadherin promoter. Indicated plasmids were co-trans-
fected with E-Cadherin luciferase plasmid, and the luciferase activity was measured to represent the transcription 
of E-Cadherin. Data are shown as mean + s.e.m. (triplicate assays). *P < 0.05, **P < 0.01. D. ZNF451 mRNA level 
is elevated in HCC tumors in comparison to normal tissues. HCC data in TCGA was analyzed. **P < 0.01. E. Expres-
sion levels of ZNF451 and N-Cadherin mRNAs are positively correlated in HCC. HCC data in TCGA was analyzed. F. A 
working model of ZNF451-mediated EMT in epithelial cells. 
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protein is localized in PML bodies. Although the 
function of PML bodies is largely unknown, 
ZNF451 interacts with CREB-binding protein, 
death domain-associated protein (Daxx), HD- 
ACs and SUMOs, suggesting its potential role in 
transcriptional regulation [45, 46]. ZNF451 
also interacts with Smad4 proteins and blocks 
the recruitment of transcription co-activator 
p300 to the Smad complex, consequently 
inhibiting TGF-β-induced growth inhibitory re- 
sponses [41]. In addition to inducing growth 
inhibitory genes, TGF-β-induced transcription 
potently represses epithelial genes (e.g. E- 
Cadherin, ZO-1) and activates mesenchymal 
genes (e.g. N-Cadherin, Vimentin) during EMT 
[47]. During the course of our study on the role 
of ZNF451 in TGF-β signaling, we noticed that 
while ZNF451 functionally blocked Smad-
dependent transcription of genes involved in 
cell cycle arrest, it surprisingly did not block 
TGF-β-induced EMT and instead appeared to 
induce EMT by itself. Overexpression of ZNF451 
in epithelial cells such as MCF10A and HaCaT 
cells accelerates the morphological changes 
towards mesenchymal cells, accompanied with 
upregulation of mesenchymal markers (e.g. 
N-Cadherin, Vimentin and Fibronectin) and 
downregulation of epithelial markers (e.g. E- 
Cadherin). Conversely, knockdown of ZNF451 
results in an opposite effect, which demon-
strates the essential role of ZNF451 in modu-
lating EMT. This interesting observation of the 
paradoxical role of ZNF451 prompted us to fur-
ther investigate the functions and mechanism 
of ZNF451 in inducing EMT. 

In our study, ZNF451 behaves as an EMT pro-
moter through stabilization of TWIST2, a key 
transcription factor in inducing EMT. In this 
case, ZNF451 does not act a transcriptional co-
repressor of Smad proteins, but instead func-
tions as a SUMO E3 ligase to SUMOylate 
TWIST2 during EMT. SUMOylation has been 
demonstrated to regulate gene transcription, 
nuclear transport, and activation of signal 
transduction pathways. Unlike K48-polyubiqui- 
tination that tags substrates for proteasomal or 
lysosomal degradation, protein SUMOylation 
has distinct outcomes, including transcription 
repression, subcellular localization, and protein 
stability [48-51]. The ability of ZNF451 to pro-
mote TWIST2 stability is through SUMO2/3 
modification at K129 residue of TWIST2, which 
directly blocks ubiquitination of TWIST2. This 

differs from a previous report that ZNF451  
promoted the degradation of PML through 
SUMO2/3 modification [52]. Although highly 
related TWIST1 and TWIST2 have similar se- 
quences around K129 (in TWIST2), ZNF451 
selectively enhances the stability of TWIST2, 
but not that of TWIST1. Indeed, ZNF451 induc-
es EMT in a manner dependent of TWIST2. This 
suggests that ZNF451 induces EMT through 
SUMOylation-dependent stabilization of TWIS- 
T2. 

EMT represents morphological changes upon 
transcriptional reprogramming, which is mostly 
achieved by epigenetic regulation of cell type-
specific gene transcription. Key EMT transcrip-
tion factors like Snail/Slug, TWIST1/2 and 
ZEB1/2 play important roles in this epigenetic 
reprogramming. It has also been well estab-
lished that post-translational modifications  
of these transcription factors play important 
roles in regulating their activity. Post-trans- 
lational modifications occur on the specific 
amino acid side chains and are often cataly- 
zed by enzymes including kinases and ubi- 
quitin ligases. These enzymes regulate the 
function of different proteins and eventually 
maintain the dynamic balance of intracellular 
environment. Phosphorylation and ubiquitina-
tion of Snail/Slug, TWIST1/2, and ZEB1/2 have 
been identified to consequently impact EMT.

SUMO modification at lysine residues is typi-
cally observed within a minimal consensus 
motif ΨKxE/D (where Ψ is a hydrophobic resi-
due, x is any residue). Interestingly, the se- 
quence around K129 of TWIST2 apparently 
does not fit this motif, but rather represents  
an inverted motif E/DxKΨ. Although TWIST1 
contains the same consensus inverted motif 
located around K175, it appears to not be 
SUMOylated. It is previously reported that  
K175 is a critical ubiquitination site for TWI- 
ST1 degradation. TWIST1 K175R mutant ex- 
hibits decreased ubiquitination level and in- 
creased stability in vivo. Consistently, our re- 
sults show the SUMOylation of TWIST2 com-
petitively inhibits its ubiquitination and protea-
some-mediated degradation. 

In conclusion, our studies have identified ZNF- 
451 as a positive regulator of EMT, which de- 
pends on its SUMO ligase activity. ZNF451 
SUMOylates TWIST2, increases its stabiliza-
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tion, and promotes TWIST2-mediated progres-
sion of EMT. 
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