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Inhibition of the transcription factor ZNF281 by SUFU
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Although the Hedgehog (Hh) pathway plays an evolutionarily conserved role from Drosophila to mammals, some divergences also
exist. Loss of Sufu, an important component of the Hh pathway, does not lead to an obvious developmental defect in Drosophila.
However, in mammals, loss of SUFU results in serious disorder, even various cancers. This divergence suggests that SUFU plays
additional roles in mammalian cells, besides regulating the Hh pathway. Here, we identify that the transcription factor ZNF281 is a
novel binding partner of SUFU. Intriguingly, the Drosophila genome does not encode any homologs of ZNF281. SUFU is able to
suppress ZNF281-induced tumor cell migration and DNA damage repair by inhibiting ZNF281 activity. Mechanistically, SUFU binds
ZNF281 to mask the nuclear localization signal of ZNF281, culminating in ZNF281 cytoplasmic retention. In addition, SUFU also
hampers the interactions between ZNF281 and promoters of target genes. Finally, we show that SUFU is able to inhibit ZNF281-
induced tumor cell migration using an in vivo model. Taken together, these results uncover a Hh-independent mechanism of SUFU
exerting the anti-tumor role, in which SUFU suppresses tumor cell migration through antagonizing ZNF281. Therefore, this study
provides a possible explanation for the functional divergence of SUFU in mammals and Drosophila.
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INTRODUCTION
The Hedgehog (Hh) pathway plays a pivotal role in controlling
embryogenesis and adult tissue homeostasis by regulating Ci/GLI
family of transcription factors [1–4]. Suppressor of fused (Sufu/
SUFU) is one of the key components of the Hh pathway and acts
as a negative regulator both in vertebrate and invertebrate to
ensure appropriate signal output [5, 6]. In Drosophila, Sufu forms a
complex with Costal2 (Cos2) and Fused (Fu) to block Ci nuclear
import [2, 7, 8]. However, the previous study also shows that Sufu
enters the nucleus to suppress Ci transcriptional activity by
inhibiting Ci-CBP interaction [9]. In addition, Sufu is able to
stabilize Ci by inhibiting the interaction between Ci and its E3
ligase Rdx [10]. Although Sufu plays multiple roles in regulating
the Hh pathway in Drosophila, loss of sufu or overexpression of
sufu does not lead to obvious developmental defects [11, 12]. In
mammals, SUFU is a major negative regulator of the Hh pathway.
SUFU binds GLI to mask the nuclear localization signal (NLS) on
GLI, culminating in GLI cytoplasmic retention [13–15]. Unlike
Drosophila, mammalian SUFU is indispensable for embryonic
development. Mutation of SUFU in mouse leads to embryonic
lethality possibly due to defects in the neural tubes and cephalic
vesicles [11–13]. Loss of SUFU tightly links with several human
cancers, including medulloblastoma [16]. The functional diver-
gence between Drosophila Sufu and mammal SUFU indicates that
SUFU likely plays additional roles, besides regulating the Hh

pathway. To date, the biological function of SUFU, other than the
effect upon Hh signaling, remains unclear.
To identify SUFU-interacting proteins, we expressed Flag-tagged

SUFU in 293T cells and immunoprecipitated the cell lysates with
Flag (Fg) antibody. The immunoprecipitation (IP) was then
subjected to mass spectrometry assay. In the candidates, we
selected the oncogenic factor ZNF281 for subsequent study
because it has no homologs in Drosophila. ZNF281 belongs to the
family of Krüppel-type zinc-finger transcription factors. ZNF281
widely expresses in many tissues, such as the kidney, liver, and
peripheral blood lymphocytes [17, 18]. It has been shown that
deletion of ZNF281 results in mouse embryonic lethality due to its
important role in the establishment and maintenance of the
pluripotency of embryonic stem cells [19, 20]. Besides, the
expression of ZNF281 increases in cells after treatment with DNA-
damaging drugs. ZNF281 contributes to DNA damage repair by
activating the expression of XRCC2 and XRCC4, two DNA damage
response genes [21]. In addition, ZNF281 induced epithelial-
mesenchymal transition (EMT) by triggering the expression of
SNAIL in colorectal, breast, lung, and oral cancers [19, 22–24]. On the
other hand, the abundance of ZNF281 is strictly controlled via
multiple mechanisms. The transcription factor SNAIL is able to
activate ZNF281 expression to form a positive feedback loop [25].
The miR-34 is reported to suppress ZNF281 expression via direct
targeting its 3′-UTR [25]. The ZNF281 protein is phosphorylated
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by glycogen synthase kinase 3β, and subsequent ubiquitinated by
β-transducin repeat-containing protein 2 for degradation [26].
However, the mechanism to govern the nuclear localization of
ZNF281 is still unknown.
Here, we provided biochemical evidence to support that

ZNF281 was a bona fide interacting partner of SUFU. ZNF281
promoted migration and invasion of hepatocellular carcinoma
(HCC) cells, which was attenuated by SUFU. In addition, ZNF281-
mediated DNA damage repair was also inhibited by SUFU.
Mechanistically, we found that ZNF281 shuttled between the
cytoplasm and the nucleus. SUFU bound ZNF281 to mask its NLS,
resulting in ZNF281 cytoplasmic accumulation. Alternatively,
SUFU was able to decrease the affinities between ZNF281 and
promoters of target genes, including SNAIL and XRCC2. Overall, we
provided a possible explanation for why Sufu/SUFU functions
divergently in Drosophila and mammals.

RESULTS
ZNF281 is a novel SUFU-binging protein in mammalian cells
Since the functional divergence of Sufu/SUFU in Drosophila and
mammals, we sought to identify novel binding partners of SUFU
using mass spectrometry assay and found that ZNF281 was a
candidate. Phylogenetic analysis showed that ZNF281 appeared only
in vertebrates and lacked homologs in invertebrates (Supplementary
Fig. S1). To validate this interaction, we performed coimmunopreci-
pitation (coIP) assays. The coIP results revealed that Fg-tagged SUFU
protein (Fg-SUFU) was able to pull down Myc-tagged ZNF281 (Myc-
ZNF281) in 293T cells (Fig. 1A). Reciprocally, Myc-ZNF281 also pulled
down Fg-SUFU (Fig. 1B). We further confirmed this interaction in HCC
HepG2 cells (Fig. 1C). In addition, endogenous ZNF281 reciprocally
interacted with endogenous SUFU in HepG2 and SK-Hep1 cells
(Fig. 1D, E), together suggesting ZNF281 is a bona fide interacting
partner of SUFU in mammalian cells.

The well-documented function of SUFU is to bind GLI2/3
transcription factors to impede GLI2/3 entry into the nucleus [15].
We next wanted to examine whether ZNF281 competes with GLI2/
3 to bind SUFU. The coIP results showed that ZNF281 did not
affect the interaction between SUFU and GLI2 (Fig. 1F). On the
other hand, ZNF281 also failed to influence SUFU-GLI3 association
(Fig. 1G). Taken together, the novel SUFU-binding protein ZNF281
does not affect SUFU-GLI2/3 interactions.

SUFU suppresses ZNF281-induced tumor cell invasion and
migration
Increasing studies have demonstrated that ZNF281 contributes
to EMT, an important process for tumor migration [25, 27]. Since
our above results reveal an interaction between SUFU and
ZNF281 in HCC cells, it is necessary to test the functional
relevance. We first checked the expression levels of SUFU and
ZNF281 in seven HCC cell lines and found that ZNF281 was
highly expressed in SMMC-7721 and BEL-7402 cells, while low in
HepG2 and SK-Hep1 cells (Fig. 2A). Consistent with the previous
reports [25], ZNF281 was able to improve the invasive ability of
SK-Hep1 cells, as measured by the transwell assay (Fig. 2B). The
enhancement invasion of HepG2 by ZNF281 was substantially
restored by SUFU (Fig. 2B). Although several studies have shown
that SUFU inhibits EMT, such as gastric cancer [28–30] and
cervical squamous cell carcinoma [31], our results revealed that
overexpression of SUFU alone exerted a marginal effect on the
invasive ability of SK-Hep1 cells (Fig. 2B). Furthermore, we
confirmed the inhibitory effect of SUFU on ZNF281-induced cell
invasion in HepG2 cells (Fig. 2D, E). It is well known that SUFU
promotes GLI2/3 degradation through recruiting the E3 ligase
β-TrCP [32], we tested whether SUFU modulates the stability
of ZNF281. In SK-Hep1 cells, overexpression of SUFU did not
affect exogenous Myc-ZNF281 protein level (Fig. 2C). In SK-Hep1
cells, dose-dependent expression of SUFU failed to regulate

Fig. 1 SUFU interacts with ZNF281. A Immunoblots of immunoprecipitates (IP, top two panels) or whole cell lysates (WCL, bottom two
panels) from 293T cells expressing indicated constructs. Of note, Fg-SUFU interacted with Myc-ZNF281 in 293T cells. B Myc-ZNF281 was able
to pull down Fg-SUFU in 293T cells. C The coIP result showed that Fg-SUFU immunoprecipitated Myc-ZNF281 in HepG2 cells. D, E There was
an interaction of endogenous ZNF281 and SUFU in HepG2 cells and SK-Hep1 cells. F ZNF281 did not affect SUFU-GLI2 interaction. G ZNF281
failed to regulate SUFU-GLI3 interaction. Above all, arrowheads indicate heavy IgG bands.
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Myc-ZNF281 protein (Supplementary Fig. S2A). SUFU also could
not modulate the endogenous ZNF281 protein level in SMMC-
7721 cells (Supplementary Fig. S2B). In addition, we checked
the stability of ZNF281 protein via chase experiments and

found that SUFU was unable to regulate ZNF281 stability
(Supplementary Fig. S2C, D). In sum, these results show that
SUFU suppresses ZNF281-induced HCC cell invasion not due to
controlling ZNF281 protein abundance.
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On the other hand, we examined cell migration ability, another
tumor characteristic, using a wound-healing assay. In SK-Hep1
cells, ZNF281 promoted wound healing, which was attenuated by
SUFU co-expression (Fig. 2F). We got a similar result in HepG2 cells
(Fig. 2G). In addition, we tested the expression of two well-known
cell migration markers, SNAIL and Vimentin (VIM), to reflect the
tumorigenicity. ZNF281 elevated SNAIL and VIM protein levels,
which were decreased by SUFU co-expression (Fig. 2C, E). In a
mouse pulmonary metastatic model, 1 × 106 SMMC-7721 cells
stably expressing ZNF281 alone or ZNF281 plus SUFU (Fig. 2H)
were injected into the caudal veins of five BALB/C nude male
mice. The lungs of the mice were analyzed for metastatic nodules
after four weeks. The SMMC-7721 cells with ZNF281 overexpres-
sion showed increased lung metastatic tumors compared with
control cells, which were rescued by SUFU co-expression (Fig. 2I).
To validate the role of SUFU inhibiting ZNF281-induced tumor

cell invasion and migration, we chose SMMC-7721 and BEL-7402
cells for loss-of-function assay, due to their high levels of ZNF281
and SUFU (Fig. 2A). First, we synthesized two ZNF281 siRNAs and
three SUFU siRNAs to silence endogenous genes. WB results showed
that siRNAs could effectively silence ZNF281 and SUFU expression in
SMMC-7721 cells (Supplementary Fig. S3A). Compared to control
cells, knockdown of ZNF281 substantially suppressed cell invasion,
while SUFU siRNAs showed a subtle effect (Supplementary Fig. S3B).
ZNF281 siRNA-induced cell invasion inhibition was restored by
exogenous ZNF281 expression (Supplementary Fig. S3C), removing
the off-target effect. In SMMC-7721 cells, knockdown of ZNF281
apparently hampered cell invasion, which was restored by SUFU
siRNA co-transfection (Fig. 3A). This result was repeated in BEL-7402
cells (Fig. 3C). The wound-healing assays showed that knockdown of
SUFU was able to rescue ZNF281 siRNA-induced cell migration
inhibition in SMMC-7721 cells (Fig. 3E) and BEL-7402 cells (Fig. 3F). In
addition, ZNF281 siRNA decreased SNAIL and VIM levels, which was
rescued by SUFU siRNA (Fig. 3B). The previous study has shown that
ZNF281 exclusively promotes tumor cell migration, without
affecting cell proliferation [25]. Consistent with this result, neither
overexpression nor knockdown of ZNF281 failed to regulate cell
proliferation in HepG2 cells (Supplementary Fig. S4A) and BEL-7402
cells (Supplementary Fig. S4B). The BrdU incorporation assays also
revealed that ZNF281 overexpression or knockdown could not
affect the proliferation of SMMC-7721 cells (Supplementary Fig. S3C,
D). Furthermore, the flow cytometry analyses confirmed that both
ZNF281 and SUFU were unable to modulate SMMC-7721 cell
proliferation (Supplementary Fig. S5A, B), removing the possibility
that SUFU hampers ZNF281-mediated cell migration through
cell proliferation arrest. Taken together, these results support that
SUFU is capable of suppressing ZNF281-induced cell invasion and
migration.

SUFU inhibits ZNF281-mediated DNA damage repair
During cell division, DNA damage is difficult to avoid due to
physiological and environmental stimuli [33]. Eukaryotic cells have
evolved a rigorous mechanism to respond DNA lesions [34].
However, if DNA lesions are too severe, apoptosis is triggered to

clear damaged cells [35]. Defect in DNA damage repair is a key
cause of cancers. The previous study has demonstrated that
ZNF281 is involved in DNA damage repair through activating
XRCC2 and XRCC4, two genes that respectively regulate homo-
logous recombination and non-homologous end joining [21]. We
next sought to examine whether SUFU affects ZNF281-mediated
DNA damage repair through three methods (Supplementary
Fig. S6A). After treatment with DNA-damaging drug etoposide
(Eto), remarkable DNA damage was induced in SMMC-7721 and
HepG2 cells, judged by neutral comet assay (Fig. 4A, C).
Overexpression of ZNF281 substantially inhibited DNA damage,
which was rescued by SUFU co-expression (Fig. 4A, C). The results
also showed that overexpression of SUFU alone did not modulate
DNA damage repair (Fig. 4A). Next, we examined the level of
γH2AX, a biomarker of DNA damage, and found that ZNF281
decreased γH2AX, which was restored by SUFU co-expression
(Fig. 4B). Conversely, knockdown of ZNF281 was able to
upregulate DNA lesions under Eto treatment, which was relieved
by SUFU siRNA in both SMMC-7721 cells and HepG2 cells (Fig. 4D,
F). Consistently, the upregulation of γH2AX caused by ZNF281
knockdown was attenuated by SUFU siRNA (Fig. 4E). Furthermore,
we also examined the γH2AX using immunostaining. Without Eto
treatment, SMMC-7721 cells and HepG2 cells did not express
γH2AX, suggesting that Eto indeed induces DNA damage
(Supplementary Fig. S6B, D). In line with the western blot results,
SUFU was able to suppress ZNF281-mediated DNA damage repair
(Supplementary Fig. S6C, E).

SUFU impedes ZNF281 nuclear accumulation
It is known that Sufu/SUFU negatively regulates the Hh pathway
through tethering Ci/GLI proteins in the cytoplasm [15]. Our above
studies have revealed that SUFU is able to bind the transcription
factor ZNF281 and inhibits its biological functions. Thus, it is
necessary to test whether SUFU controls ZNF281 localizations.
Immunostaining showed that ZNF281 is predominantly located in
the nucleus, with a small amount in the cytoplasm (Fig. 5A). Upon
treatment with Leptomycin B (LMB), which is a specific nuclear
export inhibitor, we found that ZNF281 is exclusively located in the
nucleus (Fig. 5B), suggesting that ZNF281 is a shuttle protein. When
ZNF281 and SUFU were co-transfected in cells, ZNF281 accumu-
lated in the cytoplasm (Fig. 5C). After LMB treatment, ZNF281
entered the nucleus in the presence of SUFU (Fig. 5D). In addition,
we separated the cytoplasmic and nuclear protein to test whether
SUFU suppresses ZNF281 nuclear accumulation. In 293T cells, co-
expression of SUFU indeed decreased nuclear ZNF281 (Fig. 5E).
SUFU also diminished the nuclear ZNF281 in HepG2 cells (Fig. 5F). In
contrast, knockdown of SUFU elevated nuclear ZNF281 in HepG2
cells (Fig. 5G). Together, these observations suggest that SUFU
possibly reduces the ability of ZNF281 to enter the nucleus.

SUFU masks the N-terminal NLS in ZNF281
To investigate the mechanism of SUFU inhibiting ZNF281 nuclear
accumulation, we analyzed ZNF281 protein sequence and found
three potential NLSs, named S1, S2, and S3 (Fig. 6A). We divided

Fig. 2 Overexpression of SUFU inhibits ZNF281-promoted cell invasion and migration. A The protein levels of ZNF281 and SUFU in seven
types of liver cancer cell lines. Actin is used as a loading control. B The transwell analysis showed that SUFU inhibited ZNF281-induced SK-
Hep1 cell invasion. Quantification analysis was shown on the right. Of note, overexpression of SUFU alone cannot affect cell invasion. C The
expression of Myc-ZNF281 and Fg-SUFU in SK-Hep1 cells was determined by western blot. Overexpression of ZNF281 elevated SNAIL and VIM
protein levels, which were restored by SUFU co-expression. Actin acts as a loading control. D SUFU hampered ZNF281-triggered cell invasion
in HepG2 cells. Quantification analysis was shown on the right. E The expression of Myc-ZNF281 and Fg-SUFU in HepG2 cells was examined by
western blot. Overexpression of ZNF281 elevated SNAIL and VIM protein levels, which were restored by SUFU co-expression. Actin acts as
a loading control. F, G Wound-healing assays revealed that ZNF281-induced cell migrations were attenuated by co-expression of SUFU in
SK-Hep1 and HepG2 cells. Quantification analyses were shown on the right. H Western blot analysis to test the expression of SUFU and
ZNF281 in SMMC-7721 cells stably expressing indicated constructs. Actin acts as a loading control. I Representative image showed
bioluminescence signals of the resected lungs 4 weeks after the intravenous injection of SMMC-7721 cells stably expressing ZNF281 alone or
ZNF281 plus SUFU. Quantification of bioluminescence signals was shown on the right (n= 5).
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ZNF281 into two parts, ZNF281-N and ZNF281-C (Fig. 6A). As
shown in Fig. 6A, ZNF281-N contained S1 and S2, whereas
ZNF281-C harbored S3. The coIP results showed that SUFU could
bind both ZNF281-N and ZNF281-C (Fig. 6B). Although ZNF281-N

and ZNF281-C are mainly located in the nucleus, SUFU selectively
suppressed ZNF281-N nuclear accumulation (Fig. 6C–F). To further
map SUFU-binding site in ZNF281-N, we divided ZNF281-N into
two parts, ZNF281-N1 and ZNF281-N2. As shown in Fig. 6A, S1 and
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S2 are located in ZNF281-N2. The coIP experiment revealed that
SUFU interacted with ZNF281-N2, not ZNF281-N1 (Fig. 6G).
Possibly due to lack of NLS, ZNF281-N1 is exclusively located in
the cytoplasm, irrespective of with or without SUFU (Fig. 6H, I).
In contrast, ZNF281-N2 is mainly located in the nucleus (Fig. 6J).
Co-expression of SUFU resulted in ZNF281-N2 cytoplasmic
retention (Fig. 6K), suggesting that SUFU likely binds ZNF281-N2
to mask the NLS.

SUFU inhibits the transcriptional activity of ZNF281
The transcription factor ZNF281 exerts its biological functions by
activating the expression of various target genes. Therefore, the
binding between ZNF281 and promoter regions is important for
its activity. We next sought to test whether SUFU affects ZNF281’s
binding with promoters. We selected three well-documented
ZNF281 target genes for subsequent studies. ChIP-PCR assay
showed that ZNF281 was able to pull down the promoters of
SNAIL, XRCC2, and AXIN2 in SMMC-7721 cells (Fig. 7A). The
affinities between ZNF281 and SNAIL promoter or XRCC2 promoter
were robustly decreased by co-expression of SUFU (Fig. 7A).
However, the interaction between ZNF281 and AXIN2 promoter
was not influenced by SUFU (Fig. 7A), indicating that the inhibition
of ZNF281-promoter interaction by SUFU cannot simply be
attributed to cytoplasmic retention of ZNF281. In addition, we
carried out ChIP-PCR assays using HepG2 cells and found that
SUFU reduced the interaction between ZNF281 and all three
promoters (Fig. 7B), suggesting that the regulation of ZNF281-
promoter affinity by SUFU is context dependent.
To further validate the inhibition of ZNF281-promoter interac-

tion by SUFU, we performed luciferase analyses, in which ZNF281
was used to drive luciferase expression from a DNA fragment
containing SNAIL promoter (refers to SNAIL-Luc hereafter). In
SMMC-7721 cells, ZNF281 enhanced SNAIL-Luc activity, which was
attenuated by SUFU co-expression (Fig. 7C). In addition, we
confirmed this result in HepG2 cells (Fig. 7D). Finally, RT-PCR
results showed that overexpression of ZNF281 activated the
expression of endogenous SNAIL and XRCC2, which was restored
by SUFU co-expression (Fig. 7E). Taken together, SUFU suppresses
the transcription activity of ZNF281, at least in part through
decreasing ZNF281’s affinity to promoters.

SUFU inhibits ZNF281-induced tumor cell migration in vivo
Our above studies have demonstrated that SUFU inhibits ZNF281-
induced HCC cell migration. We next wanted to investigate its anti-
tumor role using an in vivo model. In Drosophila wing discs,
knockdown of the neoplastic tumor suppressor gene scribble (scrib)
along the anterior/posterior (A/P) boundary using the ptc-gal4
driver induces an invasive cell migration phenotype, which has
been widely used as an ideal in vivo model to study tumor cell
migration [36]. Compared with the control disc (Fig. 8A), knockdown
of scrib robustly triggered cell migration (Fig. 8B), judged by
numbers of dissociative GFP-positive cells. Consistent with the
result in HCC cell lines, overexpression of ZNF281 indeed promoted
scrib-RNAi-induced cell migration (Fig. 8C, F). However, the
enhancement of tumor cell migration by ZNF281 was inhibited by
SUFU co-expression in wing discs (Fig. 8E, F). Overexpression of
SUFU alone was unable to affect scrib-RNAi-induced cell migration
(Fig. 8D, F). Furthermore, we examined the inhibitory effect of SUFU

upon ZNF281 under physiological background. Compared to the
control disc (Supplementary Fig. S7A), overexpression of
ZNF281 slightly triggered cell migration (Supplementary Fig. S7C),
which was compromised by SUFU co-expression (Supplementary
Fig. S7D). In sum, SUFU suppresses ZNF281-induced tumor cell
migration in vivo.

DISCUSSION
The hh gene is first identified in Drosophila through EMS-induced
screening [37]. Mutation of hh gene leads to disorder of Drosophila
segments, resembling an Hh [37]. Subsequent studies have
revealed that Hh protein acts as a morphogen, which is able to
turn on a pathway, named the Hh pathway [38]. Although the
framework of the Hh pathway is evolutionarily conserved from
Drosophila to humans, fundamental differences also exist. In
Drosophila, the negative regulator Sufu exerts a weak influence on
Ci activity. Embryos with sufu deletion can develop into viable and
fertile adults, without any obvious defects [11]. In contrast,
ablation of mouse SUFU leads to embryonic lethality at about
E9.5 with cephalic and neural tube defects [12], indicating its
indispensable role for development. In adults, loss of SUFU has
been implicated in various human cancers, such as breast cancer,
medulloblastoma, lung cancer, and prostate cancer [39–42]. The
functional divergence of Sufu/SUFU suggests that mammalian
SUFU possibly plays other roles, in addition to regulating the Hh
pathway. Here, we find that the transcription factor ZNF281 is a
novel binding partner of SUFU in mammalian cells. Interestingly,
the Drosophila genome does not encode any orthologs of ZNF281.
ZNF281 is a multifunctional protein, which promotes EMT and
DNA damage repair through activating a series of target genes.
Our results show that the functions of ZNF281 are substantially
suppressed by SUFU both in vitro and in vivo, at least through two
mechanisms. First, SUFU binds ZNF281 to hamper ZNF281 nuclear
accumulation. Alternatively, SUFU decreases the affinities of
ZNF281 with promoters (Fig. 8G). Therefore, this study provides
a possible explanation that SUFU exerts anti-tumor roles through
antagonizing ZNF281.
Although a large number of studies have established that

SUFU is closely related to tumorigenesis, it is difficult to develop
drugs targeting SUFU due to two possible reasons. First, SUFU is
a tumor suppressor, which is not suitable for tumor therapy.
Second, in the past, it was thought that SUFU exerts the anti-
tumor role mainly by inhibiting the Hh pathway, which is also
indispensable for adult homeostasis. Drug inhibition of GLI
proteins, the downstream factors of SUFU, will bring serious side
effects. In this study, we demonstrate that SUFU suppresses HCC
cell migration and invasion by antagonizing ZNF281, providing
ZNF281 as an alternative target for SUFU-related HCC patients.
Our results and other studies [25] together show that ZNF281
fails to regulate cell proliferation, removing the possibility that
ZNF281 maintains adult homeostasis. Thus, ZNF281 is possible a
considerable drug targets. Here, we choose HCC for study since
the Hh pathway overactivation is not the key driver for HCC
tumorigenesis, suggesting that SUFU harbors Hh-independent
anti-tumor functions. In further, it will be fruitful to examine
whether the SUFU-ZNF281 regulatory module is also applied to
other types of cancers.

Fig. 3 Knockdown of SUFU reverses ZNF281-siRNA-suppressed cell invasion and migration. A Knockdown of ZNF281 inhibited SMMC-7721
cell invasion, which was rescued by SUFU siRNA. Quantification analysis was shown on the right. Notably, knockdown of SUFU alone is failed to
affect cell invasion. B Immunoblots of whole cell lysates from SMMC-7721 cells transfected with indicated siRNAs. Knockdown of ZNF281
decreased SNAIL and VIM proteins, which were rescued by SUFU siRNA. Actin acts as a loading control. C SUFU siRNA was able to suppress
ZNF281-siRNA-induced cell invasion inhibition in BEL-7402 cells. Quantification analysis was shown on the right. D Immunoblots of whole cell
lysates from BEL-7402 cells transfected with indicated siRNAs. Actin acts as a loading control. E, FWound-healing assays revealed that ZNF281-
siRNA-induced cell migration inhibitions were attenuated by SUFU siRNA in SMMC-7721 and BEL-7402 cells. Quantification analyses were
shown on the right.
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In the process of cell division, DNA lesion is inevitable due to
endogenous and environmental stimuli [43]. A moderate amount
of DNA lesion does not bring fateful consequences because
the organism has evolved an effective repair system. Thus,

DNA damage repair is important to keep genome stability. Its
deregulation leads to various human diseases, including cancers
[44]. ZNF281 contributes to DNA damage repair through
activating XRCC2 and XRCC4 expression [21]. Although our results
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show that SUFU is able to suppress ZNF281-induced DNA repair
in HCC cells, its role under physiological status is still unclear. The
previous study has revealed that the Hh pathway promotes
proteasome-mediated SUFU protein degradation in prostate and
breast cancer cell lines, forming a positive feedback loop to
aggravate tumorigenesis [45]. It is interesting to test whether the
Hh pathway is involved in regulating DNA damage repair through
controlling SUFU abundance.
Although our results show that SUFU suppresses ZNF281-

mediated cell invasion and DNA damage repair, overexpression
or knockdown of SUFU alone does not lead to noticeable
phenotypes, suggesting that SUFU exerts anti-tumor roles in a
context-dependent manner. On the other hand, the inhibition of
SUFU on ZNF281 cannot explain the whole ZNF281’s effects on
tumor invasion. Therefore, the oncogenic activity of ZNF281 can
be controlled by other proteins other than SUFU.
ZNF281 consists of three NLSs, which contribute differently to

ZNF281 nuclear accumulation. Although SUFU binds both
N-terminus and C-terminus of ZNF281, SUFU only inhibits ZNF281-
N nuclear accumulation. A possible explanation is that the
C-terminal NLS locates at the end and cannot be masked by SUFU.
Besides, SUFU suppresses ZNF281 transcription activity via decreas-
ing ZNF281’s binding with promoters. This regulation is possible
context-dependent since SUFU inhibits the interaction between
ZNF281 and AXIN2 promoter in SMMC-7721 cells, not HepG2 cells.
Therefore, the selection of SUFU or ZNF281 as drug targets for tumor
treatment requires careful consideration of tumor backgrounds.

MATERIALS AND METHODS
Cell lines and transfection
HEK-293T, PLC/PRF/5, HepG2, SMMC-7721, BEL-7402, Hep3B, Huh-7, and
SK-Hep1 cell lines were purchased from the ATCC. HEK-293T, PLC/PRF/5,
HepG2, Hep3B, Huh-7, and SK-Hep1 cells were cultured in Dulbecco’s
Modified Eagle’s medium, while SMMC-7721 and BEL-7402 cells were
cultured in RPMI-1640 medium supplemented with 10% FBS at 37 °C and
5% CO2. These all cell lines have been examined to exclude the
mycoplasma contamination.
For transfection, DNA RNA Advanced Transfection Reagent (Zeta Life) was

used according to the manufacturer’s instructions. For siRNA-mediated gene
silence, cells were transfected via lipo2000 (Invitrogen) according to the
manufacturer’s instructions. The siRNA sequences were shown as follows:
ZNF281-siRNA-1, 5′-CCA GAA UCU CAG GGA AUC AdTdT-3′; ZNF281-siRNA-2,
5′-GGU CAU CAA ACC AUA CCA AdTdT-3′; SUFU siRNA-1, 5′-GCA GCU UGA
GAG CGU ACA UdTdT-3′; SUFU siRNA-2, 5′-CGG CCU GAG UGA UCU CUA
UdTdT-3′; SUFU siRNA-3, 5′-GAU CCA CAC CUG CAA GAG AdTdT-3′; MOCK-
siRNA, 5′-UUC UCC GAA CGU GUC ACG UUU dTdT-3′.

Constructs and transgenic flies
The ZNF281, SUFU, GLI2, and GLI3 were amplified via PCR using HepG2
cDNA as template, and then were inserted into the pcDNA3.1 vectors.
Truncated ZNF281 plasmids were generated as previously described [46].
For pGL3-SNAIL-Luc reporter, the human SNAIL promoter (−663/−163)
containing the ZNF281 binding site was amplified from HepG2 cDNA and
cloned into pGL3-Basic vector (Promega). The Drosophila expression
plasmids, including pUAST-Myc-ZNF281 and pUAST-Fg-SUFU, were con-
structed by inserting the sequences into pUAST vector. Fg-SUFU and Myc-
ZNF281 transgenic flies were generated by injecting the constructs into
w1118 eggs according to our previous described [46]. The information on fly
stocks used in this study was described in our previous study [47].

Western blotting and immunofluorescence
After transfection, cells were lysed for immunoblotting (IB) or IP analysis
according to standard protocols [48]. The antibodies used were as
following: rabbit anti-ZNF281 (1:3000 for IB, 1:300 for IP; Abcam), rabbit
anti-SUFU (1:1000 for IB, 1:100 for IP; ABclonal), rabbit anti-SNAIL (1:1000
for IB; ABclonal), rabbit anti-Vimentin (1:2000 for IB; ProteinTech), rabbit
anti-N-cadherin (1:1000 for IB; ABclonal), rabbit anti-Lamin B (1:2000 for IB;
ProteinTech), rabbit anti-β-Tubulin (1:1000 for IB; ABclonal), mouse anti-
Actin (1:5000 for IB; Genscript), mouse anti-Myc (1:2000 for IB, 1:200 for IP;
Santa Cruz), mouse anti-Fg (1:5000 for IB, 1:500 for IP; Sigma), mouse anti-
HA (1:2000 for IB, 1:200 for IP; Santa Cruz) and rabbit anti-γH2AX (1:1000 for
IB; ABclonal).
For cell-based immunofluorescence, HEK-293T cells were washed with

PBS for 10min and then fixed with 4% fresh-made formaldehyde for
20min at room temperature. After three washes in PBS, cells were
permeabilized in 0.1% Triton X-100 for 10min. Then cells were incubated
with rabbit anti-Myc antibody (1:100, ABclonal), mouse anti-Flag (1:500,
Sigma) antibody, or rabbit anti-γH2AX (1:100, ABclonal) antibody at 4 °C
overnight. After three washes in PBS, cells were incubated with secondary
antibody (1:500, Jackson ImmunoResearch) for 2 h and DAPI (1:1000,
Sigma) for 15min at room temperature. After three washes in PBS, cells
were mounted with 40% glycerol, and images of cells were captured using
the Zeiss confocal microscope. For BrdU incorporation assays, SMMC-7721
cells with indicated transfection were incubated with 30 μM BrdU (Sigma)
for 1 h before cell harvesting, and the subsequent immunofluorescence
was carried out as 293T cells.

RNA extraction and qRT-PCR
Total RNAs were extracted from cultured cells with TRIzol (Invitrogen)
following standard protocols and reverse transcribed using HiScript® Q RT
SuperMix with gDNA wiper (Vazyme) according to the manufacturer’s
instructions. Quantitative real-time PCR was carried out on Bio-Rad
CFX96TM using the ChamQ SYBR® Color qPCR Master Mix (Vazyme).
Relative expression of SNAIL and XRCC2 were detected using the 2-ΔΔCt
method [49]. The primer pairs used were as follows: SNAIL, 5′-GCA CAT CCG
AAG CCA CAC-3′ (forward) and 5′-GGA GAA GGT CCG AGC ACA-3′ (reverse);
XRCC2, 5′-CAG AAA GCC TCG AGC TCA TCA-3′ (forward) and 5′-GCT GCC
ATG CCT TAC AGA GAT-3′ (reverse); ACTIN, 5′-TGA CAT TAA GGA GAA GCT
GTG CTA C-3′ (forward) and 5′-GAG TTG AAG GTA GTT TCG TGG ATG-3′
(reverse). Data are presented as means ± SD of values from at least three
experiments.

Wound-healing assay and transwell assay
For the wound-healing assay, HCC cells were seeded into 6-well plates and
grown to confluence for 48 h after transfection. Two perpendicular
straight-line scratches were generated by sterile pipette tip scratching
on the bottom of the plate. The fraction of cell coverage was measured at
24 or 48 h.
For transwell assays, 1 × 105 cells were mixed with 0.3 mL of serum-free

medium and seeded into upper transwell chambers (BD Biosciences) at
48 h after transfection. 0.5 mL of medium with 10% FBS was added to the
lower chambers of the 24-well plate (Corning). After 48 h, the migrating
cells adhered to the bottom of the chambers were fixed with 20%
methanol for 20min and stained with 0.1% crystal violet (Sangon Biotech).
Thoroughly clean the inside of the inserts with a damp cotton swab.
Numbers of migrating cells per well were counted under a microscope in
eight fields, and data are presented as means ± SD of values from these
fields.

Mouse pulmonary metastasis assay
For mouse pulmonary metastasis experiments, we first constructed SMMC-
7721 cells stably expressing ZNF281 or ZNF281 plus SUFU using lentiviral

Fig. 4 SUFU inhibits ZNF281-mediated DNA damage repair. A The comet assay showed that ZNF281 triggered DNA damage repair in
SMMC-7721 cells, which was inhibited by co-expression of SUFU. Cells were treated with 50 μM etoposide for 1 h, and after 3 h recovery, the
comet images were captured using the fluorescence microscopy. Quantification analyses were shown on the right. Overexpression of SUFU
alone did not affect DNA damage repair. B Immunoblots of whole cell lysates from SMMC-7721 cells expressing indicated constructs. Of note,
ZNF281 decreased γH2AX, which was restored by SUFU co-expression. Actin acts as a loading control. C The comet assay showed that ZNF281
triggered DNA damage repair in HepG2 cells, which was inhibited by co-expression of SUFU. D, F The comet assay showed that knockdown of
ZNF281 impaired DNA damage repair in SMMC-7721 (D) and HepG2 (F) cells, which was rescued by SUFU siRNA. Quantification analyses were
shown on the right. E Knockdown of ZNF281 elevated γH2AX, which could be decreased by SUFU siRNA. Actin acts as a loading control.
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Fig. 5 SUFU suppresses ZNF281 nuclear translocation. A–D HEK-293T cells transfected with indicated constructs were carried out with
immunofluorescence analyses with or without LMB treatment. Of note, Myc-ZNF281 protein mainly locates in the nucleus (A) in the absence
of SUFU, while locates in the cytoplasm in the presence of SUFU (C). Scale bars: 10 μm for all images. E Immunoblots of nuclear protein and
cytoplasmic protein of 293T cells transfected with indicated constructs. Lamin B acts as a loading control for nuclear protein, whereas β-
Tubulin (β-Tub) is a loading control for cytoplasmic protein. Notably, SUFU decreases ZNF281 nuclear localization. F SUFU decreased nuclear
ZNF281 protein level in HepG2 cells. G Knockdown of SUFU promoted ZNF281 nuclear accumulation in HepG2 cells.
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Fig. 6 SUFU masks the N-terminal NLSs of ZNF281. A Schematic diagram showing the full-length and truncated ZNF281 used
in subsequent assays. The predicted NLS sequences were highlighted in red and listed on the right. B Immunoblots of
immunoprecipitates (IP, top two panels) or whole cell lysates (WCL, bottom two panels) from 293T cells expressing indicated constructs.
Of note, both ZNF281-N and ZNF281-C bind SUFU. The arrowhead indicates the heavy IgG band. C–F HEK-293T cells transfected
with indicated constructs were carried out immunofluorescence analyses. SUFU is able to sequester ZNF281-N in the cytoplasm,
without affecting ZNF281-C localization. The DAPI staining marks the nucleus. G The coIP analysis showing the interaction between Myc-
ZNF281-N1 or Myc-ZNF281-N2 and Fg-SUFU in 293T cells. Of note, ZNF281-N2, not ZNF281-N1 pulls down SUFU. The arrowhead indicates
the heavy IgG band. H–K Immunofluorescence analyses of 293T cells transfected with indicated constructs. SUFU is able to tether ZNF281-
N2 in the cytoplasm, without affecting ZNF281-N1 localization. The DAPI staining marks the nucleus. Scale bars: 10 μm for all
immunostaining images.
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infection. Briefly, cDNAs of ZNF281 and SUFU were inserted into lentiviral
vectors pLVX-IRES-ZsGFP (a gift from Dr Yong Li, Nanchang University,
China) and pLVX-IRES-puro, respectively. The above plasmids were co-
transfected with the packaging plasmids psPAX2 and pMD2G into HEK-
293T cells using Lipofectamine 3000 (Thermo Fisher Scientific). Infectious
lentiviruses were harvested 48 h after transfection. These lentiviruses
were designated Lenti-GFP-ZNF281 and Lenti-SUFU-puro. We used the
empty vectors as a negative control and named the harvested
lentiviruses Lenti-GFP. SMMC-7721 cells were infected with Lenti-GFP
and Lenti-GFP-ZNF281, respectively, in the presence of 10 µg/mL
polybrene (Hanbio Biotechnology). We selected several single clones
expressing green fluorescence for expansion and used western blotting
to identify the constructed 7721-Control and 7721-ZNF281 cell lines.
7721-ZNF281/SUFU cells were 7721-ZNF281 cells infected with Lenti-
SUFU-puro. After being selected with 2 μg/mL puromycin for 2 weeks,
the infected cells were identified using western blot. The pulmonary

metastasis study was performed using BALB/C nude male mice (6 weeks
old), which were obtained from Nanjing University and were randomly
divided into indicated groups. The mice in the groups were injected with
the indicated SMMC-7721 cells (1 × 106) expressing GFP through a
caudal vein. After 4 weeks, all animals were sacrificed and the lung
tissues were isolated for IVIS Lumina Series III imaging analysis. The
protocols for animal experiments were approved by the Institutional
Animal Care Committee of China Pharmaceutical University.

Flow cytometry analysis
SMMC-7721 cells with indicated transfection were incubated with 30 μM
BrdU (Sigma) for 1 h before cell harvesting. Proliferating cells were stained
using the FITC-BrdU cell proliferation Detection Kit (KeyGEN; BioTECH)
according to the manufacturer’s instructions. After suspending in 500 μL,
PBS cells were subjected to flow cytometry analysis.

Fig. 7 SUFU decreases the transcriptional activity of ZNF281. A ChIP-PCR assays showed the interaction between ZNF281 and promoters.
SMMC-7721 cells transfected with indicated constructs were carried out ChIP-PCR to test the interaction of ZNF281 and promoters. The
expressions of constructs were confirmed via western blot assays below. B The affinities of ZNF281 and promoters were decreased by co-
expression of SUFU. The expressions of constructs were shown below. C ZNF281 increased SNAIL-Luc activity, which was decreased by co-
expression of SUFU in SMMC-7721 cells. The expressions of constructs were shown on the right. D SUFU attenuated ZNF281-induced SNAIL-Luc
enhancement. The expressions of constructs were shown on the right. E The relative mRNA levels of SNAIL and XRCC2 were detected by RT-PCR.
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Comet assay
Comet assay was performed as previously described [50]. In brief, HCC cells
were transfected with indicated plasmids or siRNAs for 48 h, then treated
with etoposide (MedChemExpress) for an additional 1 h and collected for
DNA damage analysis. Data are presented as means ± SD of values from at
least three experiments.

ChIP-PCR assay
SMMC-7721 and HepG2 cells were transfected with indicated plasmids for
48 h. Then, after washing with PBS, these cells were fixed in a culture dish
with 1% fresh-made formaldehyde for 10min at room temperature. After
washing with 0.125 M glycine and PBS, cells were extracted for 20min on
ice with lysis buffer containing protease inhibitor cocktail (#GK10014,
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Glpbio) and PMSF (#93482, Sigma). Then, the chromatin was sheared by
sonication to obtain fragments of an average size of 200–500 bp. The
chromatin fragments were incubated with mouse IgG (ABclonal) or mouse
anti-Myc antibody for 3 h. Complexes were incubated with Protein-A/G
agarose beads (Santa Cruz) for 3 h. After multiple washes, the DNA was
reverse cross-linked at 65 °C for 6 h. The following primers were used for
ChIP-PCR analysis: SNAIL promoter, 5′-GGA GTA CTT AAG GGA GTT GGC
GG-3′ (forward), and 5′-GAA CCA CTC GCT AGG CCG T-3′ (reverse); XRCC2
promoter, 5′-CGA ACC AAA GTT TAC AAC AGA CAA G-3′ (forward) and
5′-CAT GCG CAA TAG GGT GTG C-3′ (reverse); AXIN2 promoter, 5′-CCA ACT
CAC TCA GGG GAG AC-3′ (forward) and 5′-GAT TCT TGG CAC AGG CAG
TAG -3′ (reverse).

Luciferase reporter assay
Cells were co-transfected with indicated plasmids and pGL3-SNAIL-Luc
reporter for 48 h. The luciferase activity was assayed by the Dual-Luciferase
Reporter assay (Vazyme). All luciferase activity data are presented as
means ± SD of values from at least five experiments.

Statistical analysis
All statistical analyses were performed using GraphPad Prism software.
Two-tailed unpaired Student’s t-test was performed to evaluate the
differences between the two groups. The results are expressed as the
mean ± SD from at least three to five independent experiments, and
differences with P < 0.05 was considered statistically significant (*P < 0.05,
**P < 0.01, ***P < 0.001 and ****P < 0.0001).

DATA AVAILABILITY
All relevant data are available from the corresponding author upon reasonable
request.
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