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Objective: To investigate the involvement and transcriptional targets of zinc finger protein 281 (ZNF281) in the progression of 
hepatocellular carcinoma (HCC).
Methods: The expression of ZNF281 in HCC was detected in tissue microarray and cell lines. The role of ZNF281 in aggressiveness 
of HCC was examined using wound healing, matrigel transwell, pulmonary metastasis model and assays for expression of EMT 
markers. RNA-seq was used to find potential target gene of ZNF281. Chromatin immunoprecipitation (ChIP) assay and co- 
immunoprecipitation (Co-IP) were employed to uncover the mechanism of the transcriptional regulation of ZNF281 on the target gene.
Results: ZNF281 was increased in tumor tissues and positively correlated with vascular invasion in HCC. Knockdown of ZNF281 
suppressed the migration and invasion with significant alteration of EMT marker expression in HLE and Huh7 HCC cell lines. RNA- 
seq screening showed that the tumor suppressor gene Annexin A10 (ANXA10) was a most up-regulated gene in response to ZNF281 
depletion and responsible for the attenuation of aggressiveness. Mechanistically, ZNF281 interacted with the ANXA10 promoter 
region harboring ZNF281 recognition sites, and recruited components of nucleosome remodeling and deacetylation (NuRD) complex. 
By knocking down such components like HDAC1 or MTA1, ANXA10 was released from transcriptional repression by ZNF281/ 
NuRD, and in turn reversed the EMT, invasion and metastasis driven by ZNF281.
Conclusion: ZNF281 drives invasion and metastasis of HCC partially through transcriptional repression of tumor suppressor gene 
ANXA10 by recruiting NuRD complex.
Keywords: zinc finger protein 281, Annexin A10, nucleosome remodeling and deacetylation complex, hepatocellular carcinoma, 
invasion and metastasis, transcription

Introduction
Hepatocellular carcinoma (HCC) is the most common malignancy in the liver and the third leading cause of cancer-related death 
worldwide.1 A number of genetic or epigenetic alterations have been identified contributing to the initiation and progression of 
HCC.2 The current principal strategies for HCC treatment include surgical resection, radio- or chemotherapies, liver transplanta-
tion, or administration of targeting drugs of sorafenib or regorafenib. Nevertheless, the patient outcome of HCC remained to be far 
from satisfactory.3 One of the main reasons is the invasion and early metastasis of HCC.4

One hallmark of aggressiveness for cancer is epithelial-mesenchymal transition (EMT), through which malignant cells acquire 
mesenchymal features, including decreased cell–cell contacts, increased motility. EMT helps cancer cells spread into surrounding 
tissues and plays critical roles in invasion and early metastasis of HCC.5 Aberrant EMT was usually activated by dysregulated 
EMT-related transcription factors (EMT-TF) in cancer, including the SNAI family members of Snail (SNAI1) and Slug (SNAI2), 
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Twist family members of Twist1 and Twist2, and the ZEB family members of ZEB1 and ZEB2, all of which were suggested to 
promote EMT and metastasis of HCC.6 Negative regulators of EMT suppress this process usually by direct or indirect inhibition of 
EMT-TFs. TP53 was identified to elicit the expression of miR-200 and miR-192 to target ZEB1 and ZEB2 for the repression of 
EMT in HCC.7 Chromatin remodeling factor ARID2 repressed EMT of HCC cells by inhibiting Snail transcription through 
recruiting DNMT1.8 Therefore, positive and negative regulators of EMT were intertwined to constitute regulatory networks. 
Dysfunction of the regulations, either through overactivation of the positive, or silence of the negative regulators, contributed to 
EMT, invasion and metastasis of HCC.

ZNF281 is a member of the zinc finger family of transcription factors that contains four Krüppel-type C2H2 zinc finger 
motifs,9 which binds to GC-rich DNA sequences on the promoters or enhancers of target genes. ZNF281 can either activate or 
repress gene transcription largely dependent on the cofactors. ZNF281 interacts with Nanog, Oct4 and Sox2 to regulate stemness 
of mouse embryonic stem cells.10 It also regulates the auto-regulation of Nanog expression by recruiting the nucleosome 
remodeling and deacetylation (NuRD) complex.11 Through interaction with c-myc, ZNF281 regulates transcription initiation 
and elongation.12 ZNF281 was recently identified as an important positive regulator of EMT in colon and breast cancer.13,14 It also 
promotes the progression of pancreatic cancer and neuroblastoma.15,16 Although its mRNA up-regulation, or copy number 
amplification in HCC appeared to be mostly occurred over other cancer types,16 its functions and transcriptional targets in HCC 
have not been addressed.

Annexin A10 (ANXA10) belongs to the annexin protein superfamily, of which the members bind negatively charged 
phospholipid in a Ca2+-dependent manner.17 ANXA10 harbors only one Ca2+ binding site and manifests as a unique member 
for its nuclear localization.18 ANXA10 is expressed specifically in normal epithelial tissues, predominantly in gastrointestinal tract 
and liver.19 Either homozygous somatic deletion of the ANXA10 gene or down-regulation of its mRNA associated with poor 
survival rate in both gastric and bladder cancers, implicating its tumor suppressing function.20,21 In HCC, high frequency loss of 
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chromosome 4q is observed, where ANXA10 localizes.2 Meanwhile, down-regulation of ANXA10 was found in 9 out of 15 
independent HCC datasets22, which was associated with vascular invasion and early recurrence of HCC.19 Besides somatic 
deletion, the mechanism for decreased ANXA10 expression in HCC is largely unknown.

In the present study, we investigated the major functions of ZNF281 in HCC. We found that ZNF281 promoted EMT- 
associated invasion metastasis of HCC, and further identified ANXA10 was a novel repression target of ZNF281 that exerted 
potent activity to suppress aggressiveness of HCC.

Materials and Methods
Cell Culture
The human liver cancer cell lines of Huh7, and HepG2 were purchased from the Cell Resource Center, Peking Union 
Medical College. The normal human liver cell line LO2 and HCC cell line HLE were kindly provided by Dr. Dexi Chen 
at Beijing Institute of Hepatology. Cells were maintained in Dulbecco’s modified Eagle medium (DMEM, for Huh7, HLE 
and LO2), or Minimum Essential Medium (MEM, for HepG2) supplemented with 10% fetal bovine serum (FBS, Gibco, 
New York, NY, USA) and 1% Penicillin/Streptavidin (KeyGene, MD, USA) in Corning (New York, NY, USA) dishes at 
37°C in a humidified incubator with 5% CO2. The identity of the cell lines was confirmed with its suppliers, continuing 
culture in suggested conditions and observation under microscopy for cell morphology as well as growth rate.

Plasmid or Interfering RNA Transfection
ZNF281 overexpression plasmid in GV141 backbone was purchased from Shanghai Genechem Co. Ltd. (Shanghai, 
China). Cells were transfected with plasmid using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s protocol. The siRNAs targeting ZNF281 were purchased from Beijing Syngen Tech Co. Ltd. (Beijing, 
China). The oligos used for knockdown of ZNF281 and ANXA10 are listed in Table 1. Specific siRNAs of HDAC1 
(Cat#:sc-29343) and MTA1 (Cat#: sc-35981) were purchased from Santa Cruz (CA, USA). Cells were transfected with 
siRNAs (50 nM in final concentration) using Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA, USA) following the 
manufacturer’s instructions.

shRNAs in Lentivirus vectors (pHS-ASR-LW007 (control), pHS-ASR-LW125 (ZNF281.kd1) or pHS-ASR-LW126 
(ZNF281.kd2)) were purchased from Beijing Syngen Tech Co. Ltd. (Beijing, China) and used to establish ZNF281stable 
knockdown cell lines, which were named as Con, ZNF281.kd1, and ZNF281.kd2, respectively.

Reverse Transcription and Quantitative Real-Time PCR (RT-qPCR)
Total RNAs were extracted using an RNeasy Mini Kit (Yishan, Shanghai, China) according to the manufacturer’s 
protocol. One microgram of total RNA was subjected to reverse transcription assays using the Reverse Transcription Kit 
(Takara, Dalian, China). The RT-qPCR primers for the detected genes are shown in Table 2. The qPCR assays were 
performed using SYBR Green (Novoprotein, Shanghai, China) with a Rocgene Archimed X6 Real-Time PCR Detection 
System. 18S RNAs were used as internal control. The fold changes were calculated with the 2−ΔΔCt method.

Western Blot and Co-Immunoprecipitation Assay
Total protein was extracted with RIPA cell lysis buffer containing a cocktail of proteolytic inhibitors, and the protein 
concentration was quantified using a BCA Protein Assay Kit (Novagen, Billerica, MA, USA). The loading of 12 μg 
protein per sample was subjected to the separation in a 10% SDS–PAGE gel and then electrotransferred to 

Table 1 siRNAs Targeting ZNF281 and ANXA10

Name Forward (5’-3’) Reverse (5’-3’)

siZNF281.1 GCACAUGUGGUGAAGUCAUTT AUGACUUCACCACAUGUGCTT
siZNF281.2 CCAGAUAGAUCCUCAGAAATT UUUCUGAGGAUCUAUCUGGTT

siANXA10.1 ACAAAGAGCGAUAUGGAAATT UUUCCAUAUCGCUCUUUGUTT

siANXA10.2 ACAAAGACAUGCUGAUCAATT UUGAUCAGCAUGUCUUUGUTT
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polyvinylidene fluoride (PVDF) filters (Merck Millipore, Darmstadt, Germany). The filters were blocked for 1 h in 1.5% 
BSA in TBST (pH 8.0) and incubated with the corresponding primary antibodies overnight at 4°C. The primary 
antibodies used included anti-ZFP281 (1:1000, Abcam, Cambridge, MA, USA), anti-ANXA10 (1:1000, Abcam, 
Cambridge, MA, USA), anti-HDAC1 (1:500, Invitrogen Carlsbad, CA, USA), anti-MTA1 (1:1000, Abcam, 
Cambridge, MA, USA), anti-MTA3 (1:1000, Abcam, Cambridge, MA, USA), anti-MBD2/3(1:1000, Abcam, 
Cambridge, MA, USA), anti-Mi2 (1:500, Santa Cruz, CA, USA) and β-actin (1:10,000, Abclonal, Wuhan, China). 
Following incubation with Goat anti-Mouse/Rabbit IgG Secondary Antibody HRP conjugated (SAB, MD, USA) at room 
temperature for 1 h; the detected bands were imaged using a MiniChemi™ Chemiluminescence instrument. In co- 
immunoprecipitation assays, the protein extracted from HLE cells using RIPA buffer (50 mM Tris-Cl (pH 7.5), 150 mM 
NaCl, 0.2mM EDTA and 2% NP-40) was incubated with primary anti-ZNF281 (1 μg, Abcam, Cambridge, MA, USA) or 
control IgG (1 μg, Applygen, Beijing, China), and with Protein A/G PLUS-Agarose (Santa Cruz, CA, USA) at 4°C 
overnight. The collected samples were washed extensively with RIPA buffer prior to immunoblotting procedures.

Matrigel Transwell Assay
Costar 24-well transwell plates of 8 μm in pore size were used. The filters were coated with Matrigel (BD Biosciences, 
CA, USA) at a concentration of 1:30 in DMEM without FBS. Then, 2×104 cells were seeded on the Matrigel in the upper 
chamber. The lower chamber was filled with DMEM with 20% FBS. The plates were maintained in cultures for 48 h, and 
then the cells remained in the upper chamber on the filter were removed. Cells invaded to the lower chamber were fixed 
with 1% paraformaldehyde for 30 min and then stained with 0.5% Crystal Violet Dyes for 15 min. The air-dried filters 
were imaged under a microscope. Six different fields per condition were counted.

Animal Experiments
Animal experiments were consistent with ARRIVE guidelines. Experimental protocols followed the Guidelines for 
Welfare of Animals in Experimental Neoplasia and were approved by the Institutional Animal Care and Use Committee 
of Capital Medical University.

For pulmonary metastasis assay, fifteen male 5-week-old BALB/c nude mice were randomized into three groups (n = 
5 each group), HLE cells (1×106) stably transfected with shRNAs against ZNF281 together with or without shRNAs for 
ANXA10 were injected into the tail veins to establish lung metastasis model. Mice were sacrificed 6 weeks post 
injection, and the lungs were resected, stained with 5% picric acid. The pulmonary metastatic foci were counted, and 
detected through hematoxylin and eosin (HE) staining.

Table 2 Primers Used for RT-qPCR Reaction

Gene Forward (5’-3’) Reverse (5’-3’)

ZNF281 TCTTCACCTCTCCACAACCAC TGTAGCATCCAAAGCAGACAA
ANXA10 GCTGGCCTCATGTACCCAC CAAGCAGTAGGCTTCTCGC

18S GTAACCCGTTGAACCCCATT CCATCCAATC GGTAGTAGCG

E-cadherin CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG
N-cadherin TCAGGCGTCTGTAGAGGCTT GGAGAAGGTCCGAGCACA

SNAIL1 GCACATCCGAAGCCACAC ATGCACATCCTTCGATAAGACTG

SLUG TGGTTGCTTCAAGGACACAT GTTGCAGTGAGGGCAAGAA
VIMENTIN TACAGGAAGCTGCTGGAAGG ACCAGAGGGAGTGAATCCAG

ZEB1 TCAAAAGGAAGTCAATGGACAA GTGCAGGAGGGACCTCTTTA
TWIST AGCTACGCCTTCTCGGTCT CCTTCTCTGG AAACAATGACATC

HDAC1 ATCGGTTAGGTTGCTTCA TCATTCGTGTTCTGGTTAGTC

MTA1 ACGCAACCCTGTCAGTCTG GGGCAGGTCCACCATTTCC
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Immunohistochemistry for ZNF281 in Tissue Section Array Samples
The study concerning tissue array was performed in compliance with the Helsinki Declaration, and approved by the Ethic 
Committee of You’An hospital affiliated to Capital Medical University (#LL-2021-163-K). A tissue microarray including 
90 HCC and paired para-tumor sections was constructed from patients who underwent surgical resection at You’An 
hospital affiliated to Capital Medical University and informed consents were obtained. The tissue sections were 
deparaffinized in an oven at 60°C for 1 h and then processed with the Leica Bond-Max instrument (Wetzlar, 
Germany) by the following steps: rehydration through an ethanol grade and in distilled water and subjected to the 
treatment with 3% H2O2 for 6 min for blocking the endogenous peroxidase. After extensive washing, the tissue 
microarray was incubated with anti-ZFP281 for 20 min, washed in PBS for three times, and then incubated with 
secondary antibodies. The tissues were stained with DAB for 10 min, counterstained using haematoxylin for 5 min, and 
then dehydrated through 5 rounds of ethanol (70%, 85%, 90%, 100% and 100%) for 5 min each. Finally, the processed 
tissue microarray was cleared in xylene twice of 5 min each, and then mounted in Neutral balsam (Solarbio, Beijing, 
China). The stained IHC samples were examined under a microscope and scored from 1 to 5 based on ZNF281 staining 
intensity. The average scores from the evaluation of 4 independent investigators were used for statistical analyses.

RNA-Sequencing
Total RNA was extracted from HLE stable cells (Con, ZNF281.kd1 and ZNF281.kd2) in duplicate and purified to 
construct SE50 RNA-Seq libraries. RNA-Seq was performed using the BGISEQ-500 sequencer at the BGI (ShenZhen, 
China). Approximately 40 million reads per sample were mapped to human GRCh38.p11 (hg38) genome using Bowtie2 
with default parameters. The expression level of a specific gene was calculated for the number of fragments per kilobase 
of exon per million fragments mapped (FPKM) reads using the RSEM software with default parameters. Differentially 
expressed genes were identified using the DEseq2 package. To exclude the off-target effect, only DEGs with consistent 
trend of alteration (up or downregulation in both ZNF281.kd1 and ZNF281.kd2) and with FPKM >1 were included. 
RNA-seq data from this study have been deposited to Gene Expression Omnibus (GSE146496).

Chromatin Immunoprecipitation (ChIP) Assay
A ChIP Assay Kit (Beyotime, Shanghai, China) was used following the manufacturer’s instructions. The DNA-bound 
protein was immunoprecipitated using either anti-ZFP281 or rabbit IgG (Applygen, Beijing, China). Co-precipitated 
DNAs were subjected to PCR amplification employing primers surrounding a 221 bp region (site1), and a 185 bp region 
(site2) of ANXA10 promoter (Site1 forward: 5′-GGGCCAAGGACCCAAAGA-3′; reverse: 5′- 
TTCCCATGAACAGAACACCAG −3′; Site2 forward: 5′-AAGTGATCTGCCTGCCTTAGCC-3′; reverse: 5′- 
GTGCTCCAGCCCTAGTTTCCTATC-3′). The enrichment ratio was determined according to the following formula: 
(% IP/INPUT = 2[(Ct (x% input) – log (x %) /log2) – Ct (IP)] × 100).

Statistical Analyses
Data were presented as mean ± SEM. Statistical significance was calculated using the unpaired Student t test using p < 
0.05 as the threshold for significance. For immunohistochemical analysis, the Pearson χ2 test was used and p < 0.05 was 
considered significant.

Results
ZNF281 Was Increased in HCC Tissue and Correlated with Vascular Invasion
We first performed immunohistochemistry to determine the protein expression of ZNF281 in HCC tissue microarray. 
Higher expression of ZNF281 was observed in cancerous than in para-cancerous tissues (Figure 1A and B). 
Clinicopathological characteristics analyses of the patients indicated that ZNF281 was positively correlated with vascular 
invasion and tumor size (Table 3). Up-regulation at the mRNA level of ZNF281 was also observed in cancerous than in 
para-cancerous tissues of HCC patients (Figure 1C), and in other public HCC cohorts (Figure 1D, E). We then examined 
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Figure 1 ZNF281 was increased expression in hepatocellular carcinoma (HCC). (A) Immunohistochemistry of ZNF281 in HCC tissues in comparison with corresponding 
paracancerous tissues (left: 4×, right: 20× objective). (B) Quantification from A (n=3; **p < 0.01). (C) Comparison of mRNA level of ZNF281 from HCC and corresponding 
paracancerous tissues of 14 HCC patients. (D) Comparison of ZNF281 mRNA level between HCC patients and the non-cancer control in the TCGA liver cancer and the 
GTEx datasets. (E) Comparison of ZNF281 mRNA level between HCC patients and normal control of Chen’s liver in the Oncomine database. (F) Protein level of ZNF281 
in commonly used normal liver or HCC cell lines.
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the ZNF281 expression in HCC cell lines and normal liver cell line LO2. The results indicated that ZNF281 in Huh7, 
HLE and HepG2 cells was much higher than in LO2 cells (Figure 1F).

Knockdown of ZNF281 Suppressed the Invasiveness of HCC Cells and Altered the 
EMT Phenotype
We next took RNAi approach and constructed two shRNAs in lentivirus vectors targeting different regions of ZNF281. 
As HLE and Huh7 have been shown to possess higher invasive and metastatic potentials,23,24 we conducted subsequent 
experiments mainly in HLE and Huh7. By infection of HLE or Huh7 cells and selection, we obtained stable cells with 
significantly reduced ZNF281 expression (ZNF281.kd1 and ZNF281.kd2) in both cell types (Figure 2A). ZNF281 
knockdown cells from both HLE and Huh7 background significantly reduced the capacities for migration as shown in 
wound healing (Figure 2B and C with quantification in Figure 2D and E), and invasion shown with matrigel transwell 
assays (Figure 2F and G with quantification in Figure 2H and I). The obtained cells also showed decreased proliferation 
as measured in colony formation assays (Figure S1A and S1B with quantification in Figure S1C and S1D) and cell cycle 
analyses (Figure S1E and S1F). As the effect of ZNF281 knockdown on invasion was more obvious than on cell 
proliferation (Figure 2F-I vs Figure S1E-F), and ZNF281 was shown to be an important EMT regulator in other cancer 

Table 3 The Correlation Between ZNF281 Expression and Clinicopathological 
Characteristics in HCC Tissue Microarray (90 Samples)

Variables ZNF281 Low 
(n=49)

ZNF281 High 
(n=41)

P-value

Age (years) 0.798

<=55 31 27
>55 18 14

Gender 0.970

Male 43 37
Female 6 4

Tumor size (cm) 0.221
<3cm 10 13

≥3cm 39 28

Relapse 0.476
Yes 25 24

No 24 17

Vascular invasion 0.023 *
Yes 7 14

No 36 22

(n.d.) † 6 5
Tumor capsule 0.317

Non-complete 23 24

Complete 25 17
(n.d.) † 1

Differentiation 0.499

I 3 1
II 33 29

III 13 10

(n.d.) † 1
Tumor stage 0.048 *

T1 36 22

T2 10 18
T3 3 1

Notes: †Non-determined (n.d.) samples were not included for Chi-square t tests. *Statistical sig-
nificance for p < 0.05.
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Figure 2 Knockdown of ZNF281 inhibited migration and invasion in HCC cells with retardation of EMT. (A) Western blot of ZNF281 in shRNA (ZNF281.kd1 or ZNF281. 
kd2) stably infected HLE or Huh7 cells. (B and C) Wound healing assays (10×) in ZNF281 knockdown HLE or Huh7 cells. (D and E) Quantification from (B) and (C) were 
shown in mean ± SEM (n=3; **p < 0.01, and ***p < 0.001). (F and G) Matrigel transwell assays (20×) in ZNF281 knockdown HLE and Huh7 stable cells. (H and I) 
Quantification (n=3; **p < 0.01) from (F and G). (J and K) The mRNA levels of EMT markers were determined by RT-qPCR (n=3; *p < 0.05, **p < 0.01 and ***p < 0.001). 
(L) Representative phase contrast (P/C) pictures of HLE cells transfected with shRNAs against ZNF281. Bar= 100 μm. (M) Immunofluorescence observed under confocal 
microscopy of mesenchymal marker Vimentin and epithelial marker ZO-1 in HLE cells following ZNF281 depletion with ZNF281.kd1. (bar=10 μm).
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types [13], the following studies mainly focused on the regulation of ZNF281 on EMT associated invasion and metastasis 
in HCC.

We further detected the changes in mRNA expression of common EMT markers (Figure 2J and K) and observed 
significant alteration in the expression of most EMT associated molecules, especially reduced Vimentin, N-cadherin and 
up-regulation of E-cadherin. We noticed that EMT-TFs ZEB1, Snail, TWIST were all downregulated in both ZNF281 
knockdown HLE and Huh7 cells. Furthermore, ZNF281 depletion resulted in significant morphological alteration of HLE 
cells, from mesenchymal spindle-like shape, to epithelial cuboid shape with obvious cell–cell adhesion (Figure 2L). 
Immunofluorescence showed that ZNF281 knockdown reduced the level mesenchymal marker Vimentin while increased 
the level of ZO-1, an epithelial marker (Figure 2M). These results suggested that ZNF281 was also a positive regulator of 
EMT in HCC, which was also verified by ZNF281 ovepression experiments in both HLE and Huh7 cells (Figure S1G 
and S1H).

ANXA10 Was a Repression Target of ZNF281 from RNA-Seq Screening
In searching for novel ZNF281 targets, RNA-seq was performed using the obtained stable cells of Con, ZNF281.kd1 and 
ZNF281.kd2 in HLE background. The criteria of log2 FC (fold change) >1.5 and q value <0.001 was set for calling 
differentially expressed genes (DEGs). To minimize the off-target effect of single shRNA, only DEGs that show 
consistent trend of alteration were selected. A list of 223 DEGs (140 down-regulated and 83 up-regulated) was finally 
identified (Supplementary Table 1 and Figure S2A and S2B). Bioinformatic analyses with Metascape25 indicated that 
down-regulated DEGs were involved in a list of biological processes, including the item “positive regulation of cell 
motility” consistent with impaired cell migration and invasion (Figure 3A). Several known positive regulators of EMT, 
such as SAA1, Cadherin 5 (CDH5) and FZD2 were among the down-regulated DEGs. On the other hand, up-regulated 
DEGs were enriched in GO items including “epithelial differentation”, “hepatocyte differentiation” etc, indicating 
a reversal of “dedifferentiation” nature of malignant cells, especially for HCC cells (Figure 3B). Known tumor suppressor 
genes (TSGs) in HCC, ANXA10 and PTPN11 were among the most up-regulated DEGs with ZNF281 knockdown, 
particularly ANXA10, which was top ranked in both ZNF281 knockdown cell lines (Figure 3C). The increment scale of 
ANXA10 prompted us to investigate the transcriptional regulation of ZNF281 on this gene, as the silencing mechanism 
for ANXA10 in HCC remains largely unknown. We verified the expression alteration of ANXA10 and several other 
DEGs by RT-qPCR in both HLE and Huh7 cells (Figure 3D and E), and ANXA10 was indeed one of the most 
upregulated transcripts upon ZNF281 knockdown. We also verified ANXA10 expression at the protein level in 
ZNF281 knockdown HLE cells with both Western blot and cellular immunofluorescence (Figure 3F and G). 
Meanwhile, immunofluorescence also indicated intense staining of ANXA10 in the nuclei as previously reported, 
especially upon ZNF281 depletion (Figure 3G).18

ZNF281 Repressed Expression of ANXA10 Involving Recruitment of NuRD Complex
We next explored the mechanism that ZNF281 repressed the transcription of ANXA10. In silico analysis with JASPAR 
indicated two potential ZNF281 binding motif upstream the transcription start site (TSS) of ANXA10 (Figure 4A). 
Results from ChIP-qPCR showed that ZNF281 was enriched in the region surrounding the potential motif, which 
indicated direct regulation of ZNF281 on ANXA10 (Figure 4B and C). We next wonder if ZNF281 represses transcrip-
tion of ANXA10 through recruiting epigenetic corepressor complexes. Known interacting partners of ZNF281 include 
components of NuRD complex like CHD4 (Mi-2β), HDAC1/2, etc. and components of Polycomb Repressive Complex 2 
like EZH2, SUZ12 and EED.26 Co-immunoprecipitation experiments in HLE cells indicated that ZNF281 interacted with 
components of NuRD complex, including HDAC1, MTA1, MBD2/3, CHD4 and RbAp46/48 (Figure 4D). ZNF281 also 
showed much weaker interaction with MTA3 (Figure 4D), but not with PRC2 components (data not shown). Meanwhile, 
cellular immunofluorescence showed obvious co-localization of ZNF281 with HDAC1 and MTA1, representative 
components of NuRD, in both HLE and Huh7 cells (Figure 4E and F). We thus hypothesize that ZNF281 might 
transcriptionally repress ANXA10 through interaction with MTA1/HDAC1 NuRD complex in HCC. Supporting this 
hypothesis, knockdown of HDAC1 in HLE cells, and MTA1 in Huh7 cells showed robust increase of Annexin A10 
protein (Figure 4G, H, and Figure S3A and 3B). At the mRNA level, ablation of HDAC1 not only up-regulated 

Journal of Hepatocellular Carcinoma 2023:10                                                                                    https://doi.org/10.2147/JHC.S400989                                                                                                                                                                                                                       

DovePress                                                                                                                         
561

Dovepress                                                                                                                                                           Zhang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=400989.docx
https://www.dovepress.com/get_supplementary_file.php?f=400989.docx
https://www.dovepress.com/get_supplementary_file.php?f=400989.docx
https://www.dovepress.com/get_supplementary_file.php?f=400989.docx
https://www.dovepress.com/get_supplementary_file.php?f=400989.docx
https://www.dovepress.com/get_supplementary_file.php?f=400989.docx
https://www.dovepress.com/get_supplementary_file.php?f=400989.docx
https://www.dovepress.com
https://www.dovepress.com


Figure 3 RNA-seq screening for potential targets of ZNF281 in HCC cells. (A and B) Bioinformatic analyses of down-regulated (B) or up-regulated (C) genes upon 
ZNF281 with Metascape online tools. (C) Identification of ANXA10 from the heatmap including top 40 DEGs. (D and E) Validation by RT-qPCR of selected DEGs in stable 
shZNF281 expressing HLE or Huh7 cells. (F) Western blotting confirmation of ZNF281 and ANXA10 expression in HLE cells with stable depletion of ZNF281. (G) 
Immunofluorescence for ZNF281 and ANXA10in HLE or Huh7 cells following ZNF281 depletion (bar=25 μm).
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Figure 4 ZNF281 directly regulated ANXA10 transcription involving the recruitment of NuRD complex. (A) Illustration of ANXA10 promoter region containing 
implicated ZNF281 binding site for ChIP analyses. Primers for the target region are indicated by triangular arrows. Red line represents the PCR amplified product. (B and C) 
upper panels: ChIP assays followed with agarose electrophoresis to show specific binding of ZNF281 on ANXA10 promoter as indicated in (A). M: marker; lower panels: 
Quantitative ChIP-PCR demonstrating the enrichment of ZNF281 at ANXA10 promoter in Huh7 cells. *p < 0.05, ***p < 0.001. (D) Co-IP for the interaction of ZNF281 
with indicated components of NuRD complex in HLE cells. (E and F) Immunofluorescence for colocalization of ZNF281 with HDAC1 (E) and MTA1 (F) in HCC cells. 
Bar=25μm. (G) Western blotting for ANXA10 following HDAC1 siRNA transfection in HLE cells. (H) Effect of MTA1 RNAi on ANXA10 at the protein level in Huh7 cells. 
(I and J) RT-qPCR analyses of ANXA10, ZNF281, HDAC1 and MTA1 in HDAC1 (I) or MTA1 (J) knockdown HLE cells (n=3; *p < 0.05, **p < 0.01 and ***p < 0.001).
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ANXA10, but also decreased ZNF281 and MTA1. Similarly, knockdown of MTA1 results in up-regulation of ANXA10 
and decrement of ZNF281 and HDAC1 (Figure 4I and J), suggesting reciprocal regulations among those partners.

ANXA10 Antagonized ZNF281 Mediated Aggressiveness of HCC
We then asked whether upregulated ANXA10 was functional to the altered aggression in ZNF281 knockdown HCC 
cells. We transfected siRNAs against ANXA10 into ZNF281.kd1 HLE or Huh7 cells (Figure 5A). Remarkable 
recovery in cell migration was found from wound healing (Figure 5B and C with quantification in Figure 5D and 
E), as well as the invasion ability from matrigel transwell assays (Figure 5F and G). More importantly, ZNF281 
depletion induced in prominent retardation pulmonary metastasis of HCC cells in mice, which was largely attenuated 
by co-knockdown of ANXA10 (Figure 5H-M). Thus, ANXA10 antagonized ZNF281 mediated migration, invasion and 
metastasis of HCC.

ANXA10 Sufficiently Suppressed Aggressiveness of HCC Cells
To better understand the function of ANXA10, we performed experiment with ANXA10 knockdown and overexpression 
in native HCC cells (Figure 6A). Knockdown of the low level ANXA10 in native HLE cells with two different siRNAs 
significantly increased cell migration and invasion of the cells (Figure 6B and F, with quantification in Figure 6D and H, 
respectively). Accordingly, epithelial marker E-cadherin was decreased, while mesenchymal markers N-cadherin and 
Vimentin were increased upon ANXA10 knockdown (Figure 6J). Overexpression of ANXA10 in native HLE cells 
showed opposite effects (Figure 6C and G with quantification in Figure 6E and I, respectively, and Figure 6K and L). 
Thus, ANXA10 functions as an important negative regulator of EMT in HCC. Of clinical importance, the mRNA level of 
ANXA10 was much lower in HCC tissues; with even lower in high tumor stages in the TCGA liver dataset analyzed with 
Gene Expression Profiling Interactive Analysis (GEPIA).27 Moreover, HCC patients with high ANXA10 showed better 
prognosis than those with low ANXA10 expression (Figure S4).

As ZNF281 was a positive EMT regulator (Figure 2) and ANXA10 negatively regulated EMT in HCC (Figures 5 and 
6). We wonder if ANXA10 also regulated ZNF281. Intriguing results showed that knockdown of ANXA10 in HLE cells 
robustly increased expression ZNF281 at both the mRNA and protein level (Figure S5A and S5B). On the contrary, 
overexpression of ANXA10 significantly decreased ZNF281 at the transcription level (Figure S5C). More interestingly, 
besides ZNF281, knockdown of ANXA10 in HLE cells also further increased the level of HDAC1and MTA1, while 
overexpression of ANXA10 inhibited their expression (Figure S5A and S5C). These results suggested the existence of 
a reciprocal negative regulation loop between ZNF281/NuRD and ANXA10, which needs further investigation.

Expression of ZNF281/MTA1/NuRD Negatively Correlates with That of ANXA10 in 
HCC Tissues
We hypothesized that the expression of ZNF281 may negatively correlate with that of ANAXA10. With the online tool 
GEPIA, we first analyzed the expression correlation at the mRNA level between ZNF281 and ANXA10 in the TCGA 
liver cancer dataset. Unfortunately, they did not exhibit obvious negative correlation (data not shown). However, ZNF281 
showed strong positive correlation of mRNA expression with that of the MTA1/NuRD gene signature that includes 
MTA1, HDAC1, CHD4, MBD2, MBD3 and HDAC2 (Figure 7A and B), supporting complex formation between 
ZNF281 and MTA1/NuRD as described in Figure 4. ZNF281 was thus taken into this gene set to form a new signature 
of ZNF281/MTA1/NuRD, and ANXA10 showed negative correlation with this new signature on mRNA expression 
(Figure 7C and D), suggesting negative regulation between ZNF281/MTA1/NuRD and ANXA10. Interestingly, higher 
expression of ZNF281/MTA1/NuRD signature predicted poorer overall survival of HCC patients in the TCGA liver 
cancer dataset (Figure 7E), in contrary to that of ANXA10 (Figure S4), indicating clinical importance of these genes.

In addition, of the 25 HCC cell lines recorded in the CCLE (Broad Institute Cancer Cell Line Encyclopedia) dataset, 
16 lines showed high levels for ZNF281, but low levels of ANXA10, including Huh7, HLE and HepG2 we used, also 
supporting negative regulation between them (Figure S6).
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Figure 5 Knockdown of ANXA10 attenuated the effect of ZNF281 depletion on inhibiting migration, invasion and metastasis of HCC cells. (A) Western blot for ANXA10 expression 
upon ANXA10 depletion in ZNF281kd.1 HCC cells. (B and C) Wound healing assays (10×) in ZNF281kd.1 HLE or Huh7 cells subjected to ANXA10 siRNA. (D and E) Quantification 
of (B and C) as mean ± SEM (n=3; *p < 0.05, ***p < 0.001). (F and G) Matrigel transwell assays (4×) in ZNF281 knockdown HLE and Huh7 cells transfected with scramble control or 
ANXA10 siRNA. The quantification was shown in the right panel (n=3; ***p < 0.001). (H) Expression of ANXA10 in HLE cells with different shRNA transfection as indicated. (I) 
Resected lungs for indicated groups. Arrows indicated the pulmonary metastatic nodules with macroscopic observation. (J) Statistical analysis of the pulmonary nodules in different 
groups as indicated (*p < 0.05, ***p < 0.001). (K and M) Representative images of HE staining for the resected lungs. Scale bars: 500 μm.
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Figure 6 ANXA10 inhibited the migration and invasion with suppressed expression of EMT markers in HCC cells. (A) ANXA10 protein levels in HLE cells transfected with 
siRNAs against ANXA10 (siANXA10.1 and siANXA10.2) or ANXA10 overexpression plasmid. (B and C) Microscopic fields (10×) from wound healing assays in ANXA10 
knockdown or ANXA10 overexpression HLE cells. (D and E) Quantification of (B and C) plotted as mean ± SEM (n=3; **p < 0.01 and ***p < 0.001). (F and G) Matrigel 
transwell assays (4×) in HLE cells with ANXA10 knockdown or overexpression. (H and I) Quantification of (F) and (G) (n=3; **p < 0.01, and ***p < 0.001). (J and K) 
Normalized mRNA levels of EMT markers in ANXA10 knockdown or overexpression HLE cells by RT-qPCR (n=3; *p < 0.05, **p < 0.01, and ***p < 0.001). (l) 
Immunofluorescence of Vimentin in HLE with ANXA10 overexpression (bar=10 μm).
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Figure 7 Expression of ANXA10 showed negative correlation with that of ZNF281/MTA1/NuRD complex. (A and B) Correlation of mRNA expression between ZNF281 
and MTA1/NuRD signature that includes MTA1, HDAC1, CHD4, MBD2, MBD3 and HDAC2 in TCGA liver cancer database. (C and D) Correlation of mRNA expression 
between ANXA10 with ZNF281/MTA1/NuRD signature that includes ZNF281, MTA1, HDAC1, CHD4, MBD2, MBD3 and HDAC2 in TCGA liver cancer database. (E) 
Overall survival analysis with high and low expression of ZNF281/MTA1/NuRD signature in the TCGA liver cancer database. The 7 signatures mean the ZNF281/MTA1/ 
NuRD signature mentioned above. (F) Proposed model demonstrating the regulation of ZNF281/MTA1/NuRD complex and ANXA10 on aggressiveness in HCC.
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Discussion
In the present study, we explored the role of ZNF281 for the aggressiveness in HCC. We discovered an important TSG, 
ANXA10, was repressed by ZNF281 for its transcription, which involves recruitment of NuRD repressor complex (Figure 7F). 
Knockdown of either ZNF281 or NuRD complex components resulted in release ANXA10 from repression and suppress EMT 
associated migration, invasion and metastasis of HCC cells. Together with the importance of ANXA10 in HCC suppression,21 

our study not only revealed the function of ZNF281 on HCC aggression, identified a novel target, but also uncovered a new 
silencing mechanism for ANXA10 in the progression of HCC.

ZNF281 has been demonstrated to promote EMT via transcriptional regulation of different sets of targets. One typical set was 
EMT markers and EMT-TFs.14 ZNF281 enhanced the expression of Snail while repressed the expression of epithelial markers 
CDH1and OCLN.14 Other ZNF281 targets included key molecules of EMT-related signaling. For example, ZNF281 transcrip-
tionally repressed Axin2, a negative regulator of Wnt/β-catenin, resulting in augmentation of Wnt/β-catenin signaling and 
promotion of EMT.14,16 In our study, ANXA10 was identified as a potent EMT negative regulator, like Axin2, which could be 
repressed by ZNF281. However, the downstream of ANXA10 was barely understood. A report indicated that ANXA10 co- 
localized with SFPQ and PSPC1 at paraspeckles inside the nuclei of HeLa cells and inhibited their expression.19 Meanwhile, 
PSPC1 was recently found to mediate TGF-β autocrine signaling and Smad2/3 target switching to promote EMT and 
metastasis.28 Together with our results, it is plausible that ANXA10 potently interfere with TGF-β signaling through inhibition 
of PSPC1 to retard EMT and metastasis in HCC. A regulatory loop of ZNF281-ANXA10-TGFβ may exist, the dysfunction of 
which potentiates EMT, invasion and metastasis in HCC.

Negative regulators of EMT often exert their functions through modulating EMT-TFs: TP53 was found to inhibit ZEB1 and 
ZEB2 in HCC cells through miR-200 and miR-192;7 ARID2 repressed EMT of HCC cells by inhibiting Snail.8 Interestingly, our 
results not only identified ANXA10 as a novel repression target of ZNF281 during EMT of HCC cells, but also suggested 
negative regulation of ANXA10 on EMT positive regulators, including ZNF281 itself (Figure S5), thus forming a feedback loop. 
Similar reciprocal negative regulation was reported earlier where GATA3 (tumor suppressor gene) and ZEB2 (EMT-TF) were 
mutually suppressed by recruiting differential corepressor complexes to drive the metastasis of breast cancer.29 The reciprocal 
feedback regulation among those EMT regulators might help to maintain the stable transition between epithelial and mesench-
ymal phenotype in a progressive long period of time.

A panel of other potential targets of ZNF281 was also discovered in HCC cells. In the down-regulated genes, some are closely 
related to cancer EMT and metastasis, including FZD2, SAA1, S100A, CDH5, MMP24, etc. (Supplementary Table 1). FZD2, 
together with its ligand Wnt5a/b, elicits a non-canonical pathway that includes Fyn and STAT3 to drive EMT and metastasis in 
HCC;30 serum amyloid A1 (SAA1) was able to enhance lymphatic invasion of breast cancer, but its role in HCC remains 
elusive.31 In up-regulated genes, PTPN11 was another interesting candidate that has been shown to play controversial roles in 
HCC. It inhibited tumor initiation, but promote liver cancer stem cell expansion in established tumors by augmenting β-catenin 
signaling.32,33 Meanwhile, indifferent from other cancer types, our results indicated that ZNF281 was also able to drive cell cycle 
progression and clone formation of HCC cells. Consistently, several genes implicated in cell cycle progression, like CDK1A (p21) 
and MDM2 were also dysregulated upon ZNF281 knockdown as evidenced by RNA-seq (Supplementary Table 1), all these 
results suggested the involvement of ZNF281 in cancer cell proliferation that is worth further investigation.

ZNF281 could complex with NuRD to mediate Nanog auto-repression and inhibit somatic cell reprogramming,11 and to 
suppress gene expression of inflammatory signaling to promote cardiac reprogramming of fibroblasts.34 NuRD complex is 
comprised of multiple components, including Mi2 (α/β), HDACs (1 and 2), RbAp46 and/or RbAp48, MBD2/3 and one of the 
metastasis-associated (MTA) family members, MTA1, MTA2 or MTA3.35 Mi2 possessed ATPase activity and HDACs harbor 
histone deacetylase activity, which contribute to generation of densely packed, hypoacetylated nucleosomes for gene silencing. 
Each MTA member defines the functional specificity of the NuRD complexes. MTA1 was expressed at high levels in metastatic 
cancer cells and its ectopic expression induced mammary tumorigenesis.36 In contrast, MTA3 represses the transcription of 
invasion associated genes such as Snail.37 Our data suggested that ZNF281 mainly recruited MTA1 but not MTA3 containing 
NuRD complex to the ANXA10 promoter for gene repression. The findings were correlated with the high expression of MTA1 as 
an aggressive feature of HCC.38 Our results also hold therapeutic implications that blockade of the enzymatic component of 
NuRD complex seems more rational when the level of ZNF281 was taken into consideration.
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Discrepancy still exists in the expression correlation analyses. ZNF281 did not show prominent negative correlation with 
ANXA10 in the TCGA liver cancer dataset, while showing an overt positive correlation with NuRD components. The 
discrepancy may be explained as the following: (1) the stability or post-translational modification of ZNF281 protein might 
affect the correlation at the mRNA level. We notice that although the mRNA expression of ZNF281 was up-regulated in 
a panel of cancer datasets, the fold change was not as high as that of ANXA10, which showed robust down-regulation in most 
datasets. Thus, the correlation between ZNF281 protein and ANXA10 mRNA or the protein versus protein correlation may be 
a better choice; (2) other transcription factors might participate in the recruitment of NuRD complex and repression of 
ANXA10 cooperatively with ZNF281. Transcription factors that have been reported or implicated to interact with ZNF281 
include c-myc,12 GATA434 and glucocorticoid receptor (GR);39 further experiments are needed to address these issues.

Conclusions
ZNF281 drives EMT associated invasion and metastasis of HCC partially through transcriptional repression of tumor 
suppressor gene ANXA10 by recruiting NuRD complex.
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