
Cell Biol Toxicol (2022) 38:1047–1062

Vol.:(0123456789)
1 3

https://doi.org/10.1007/s10565-021-09642-9

ORIGINAL ARTICLE

Long non‑coding RNA FOXP4‑AS1 facilitates 
the biological functions of hepatocellular carcinoma cells 
via downregulating ZC3H12D by mediating H3K27me3 
through recruitment of EZH2

Junfeng Ye · Yu Fu · Zhongfeng Wang · Jinhai Yu 

Received: 30 April 2020 / Accepted: 9 August 2021 
© The Author(s) 2021

loss- and gain-of-function assays. The tumor weight 
and volume in  vivo were tested. The interaction 
between FOXP4-AS1 and EZH2 as well as that 
between EZH2 and H3K27me3 was verified.
Results  FOXP4-AS1 and EZH2 expression and 
H3K27me3 abundance were enhanced while ZC3H12D 
expression was depressed in HCC tissues and cells. 
Knockdown of FOXP4-AS1 suppressed biological func-
tions of HCC cells as well as the weight and volume of 
HCC transplanted tumor. Depleting ZC3H12D reversed 
the effect of downregulated FOXP4-AS1 on HCC cells. 
FOXP4-AS1 suppressed ZC3H12D expression via 
mediating H3K27me3 by recruitment of EZH2.
Conclusion  The key findings of the present study 
demonstrate that FOXP4-AS1 suppresses ZC3H12D 
expression via mediating H3K27me3 by recruitment 
of EZH2, thus promoting the progression of HCC.

Keywords  Hepatocellular carcinoma · Forkhead 
box P4 antisense RNA 1 · Enhancer of zeste 
homolog 2 · H3K27me3 · ZC3H12D · Proliferation · 
Apoptosis · Migration

Introduction

Hepatocellular carcinoma (HCC) is one of the pre-
vailing causes of cancer-related mortality in the world 
(Yang et al. 2019a, b). The high-risk factors of HCC 
include alcohol abuse, hepatitis B virus or hepatitis C 
virus infection, and hemochromatosis psychosis (Xu 
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et al. 2016). At present, the combination of computed 
tomography and serum alpha-fetoprotein (AFP) ultra-
sounds surveillance is the general strategy for detec-
tion and screening of HCC in high-risk population 
(Shen et  al. 2018). Surgery, interventional therapy, 
radiotherapy, and liver transplantation are therapies 
that can treat patients with HCC (Que et  al. 2018). 
HCC often results in poor prognosis, and even with 
optimal treatments, the recurrence rates linked to 
early and mid-term HCC are high (Yoon et al. 2018). 
The 5-year survival rate of HCC is only 60%, and the 
incidence of HCC has increased year by year recently 
Huang et  al. (2019). The tough situation of HCC 
treatment makes it necessary to further explore the 
mechanism and find a new therapeutic strategy.

Long non-coding RNA (lncRNA) plays an impor-
tant role in tumorigenesis, development, tumor 
metastasis, and prognosis Liu et al. (2020a). Multiple 
studies have reported that lncRNA forkhead box P4 
antisense RNA 1 (FOXP4-AS1) is involved in human 
cancers, such as colorectal cancer (CRC), gastric can-
cer (GC), and prostate cancer (PCa) Li et al. 2017a, 
Chen et al. 2019, Wu et al. 2019). Importantly, it has 
been revealed that overexpression of FOXP4-AS1 is 
implicated in HCC (Wang et  al. 2019). A study has 
displayed that FOXP4-AS1 binds to enhancer of zeste 
homolog 2 (EZH2) and then is involved in the pro-
gression of osteosarcoma (Yang et  al. 2018). EZH2 
is a histone-lysine N-methyltransferase enzyme (Liu, 
Yang et al. 2020a, b) which has been revealed to par-
ticipate in human HCC (Huang et al. 2018). A previ-
ous study has reported that EZH2 accelerates the pro-
gression of HCC (Chen et  al. 2018). Trimethylation 
of lysine 27 on histone H3 (H3K27me3) is a tran-
scription-repressive histone mark which is methylated 
by EZH2 (Cai et al. 2011). A study has proffered that 
H3K27me3 can be a powerful diagnostic biomarker 
for HCC (Gao et al. 2014). It has also been validated 
that promoter methylation and H3K27 deacetylation 
are implicated in HCC (Lu et  al. 2019). The zinc 
finger CCCH-type containing 12D (ZC3H12D) is a 
member of the CCCH-type zinc finger with protein 
family and reduces inflammation responses through 
suppressing mRNA stability of proinflammatory 
genes Zhang et  al. (2015). But the relation between 
ZC3H12D and HCC remains largely unknown. In this 
study, the aim was to explore the impact of FOXP4-
AS1/EZH2/H3K27me3/ZC3H12D axis on HCC.

Materials and methods

Ethics statement

The study was approved by the Institutional Review 
Board of First Hospital, Jilin University. All partici-
pants signed a document of informed consent. All 
animal experiments were in line with the Guide for 
the Care and Use of Laboratory Animal by Interna-
tional Committees. The protocol was approved by 
the Institutional Animal Care Use Committee of First 
Hospital, Jilin University.

Study subjects

From May 2015 to March 2019, tissue samples of 
HCC patients treated with hepatobiliary surgery in 
First Hospital, Jilin University were selected, includ-
ing 116 cases of HCC tissues and 116 cases of adja-
cent tissues (normal liver tissue > 2 cm from the edge 
of neoplastic foci). HCC tissue samples were diag-
nosed as HCC by pathophysiology, and no tumor 
cells were identified by pathology in normal adjacent 
tissues. Freshly isolated samples were taken during 
the operation and frozen in liquid nitrogen at − 80 °C 
for reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) and Western blot assay.

Among the 116 cases, 84 cases were men and 32 
cases were women, ranging from 24 to 71  years of 
age (median age of 53 years), while 88 cases aged less 
than 60 years and 28 cases aged more than 60 years. 
According to the degree of tumor differentiation, 
there were 37 cases with high differentiation and 79 
cases with middle and poor differentiation. The tumor 
node metastasis stage of HCC was in accordance with 
the standards of International Union Against Cancer, 
there were 74 cases in the I–II stage and 42 cases in 
the III–IV stage. No patients treated with radiother-
apy and chemotherapy before operation.

Cell culture

Human HCC cells MHCC-97H, HepG2, LM3, and 
SMMC-7721 were cultured in high-glucose Dul-
becco’s modified eagle medium containing 10% fetal 
bovine serum (FBS). Human normal liver cell L-02 
was cultured in Roswell Park Memorial Institute 
(RPMI)-1640 medium containing 10% FBS. All cells 
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were cultured in an incubator with 5% CO2 and satu-
rated humidity. The cell growth was observed under 
an inverted microscope, and the medium was renewed 
every 1–2 days. When reached 80% confluence, cells 
were detached by trypsin containing ethylene diamine 
tetraacetic acid and sub-cultured. Cells in well growth 
were used in experiment.

Human HCC cells MHCC-97H, HepG2, LM3, and 
SMMC-7721 as well as human normal liver cell L-02 
were bought from American Type Culture Collection 
(VA, USA).

Cell grouping and transfection

SMMC-7721 cells and LM3 cells were grouped into 
short hairpin RNA (sh)-negative control (NC) group 
(cells were transfected with FOXP4-AS1 interfer-
ence sequence NC), sh-FOXP4-AS1-1 group (cells 
were transfected with sh-FOXP4-AS1-1 sequence), sh-
FOXP4-AS1-2 group (cells were transfected with sh-
FOXP4-AS1-2 sequence), pcDNA group (cells were 
transfected with empty pcDNA3.1 vector), pcDNA-
FOXP4-AS1 group (cells were transfected with pcDNA-
FOXP4-AS1), sh-FOXP4-AS1-1 + sh-control (CTR) 
group (cells were transfected with sh-FOXP4-AS1-1 
sequence and sh-ZC3H12D CTR), and sh-FOXP4-
AS1-1 + sh-ZC3H12D group (cells were transfected 
with sh-FOXP4-AS1-1 sequence and sh-ZC3H12D).

SMMC-7721 cells and LM3 cells were seeded 
in a 6-well plate. In the light of the specification of 
LipofectamineTM2000 transfection reagent (Invitro-
gen Inc., Carlsbad, CA, USA), the sequences were 
transfected into cells, and cells were gathered after 
48 h of transfection for cell function experiments.

The pcDNA-FOXP4-AS1 and pcDNA3.1 vector 
(sub-cloned with FOXP4-AS1 and used as a NC), 
sh-FOXP4-AS1 vector and its NC, as well as sh-
ZC3H12D vector and its NC were designed and syn-
thesized by GenePharma (Shanghai, China).

Cell counting kit–8 assay

Cells were diluted to cell suspension (1.0 × 104 cells/
mL) and then seeded in the 96-well plate. Five par-
allel wells were added in each group. Cell suspen-
sion (100 μL) was added into each well of a total 
of 7 plates. CCK-8 reagent was supplemented into 
each well at 24 h, 48 h, and 72 h, severally, and then 

incubated in a 5% CO2 incubator for 2 h. The absorb-
ance (A) value was gauged by a microplate reader at 
450 nm, and the growth curve was drawn.

Colony formation assay

Cells were cultured in a 6-well plate with suitable den-
sity. When the cells adhered to wall, they were cul-
tured for another 10–14  days, then the medium was 
discarded. Cells were fixed with methanol for 5  min 
and dyed for 30  min with Giemsa staining solution 
(Sigma-Aldrich, SF, CA, USA). The colony num-
ber with more than 50 cells was counted under the 
microscope.

Flow cytometry

Cells were detached, centrifuged, and washed by PBS. 
The cell concentration was set to 1 × 106 cells/mL. 
Cells (200 μL) were rinsed for twice with 1 mL pre-
cooled phosphate-buffered saline (PBS), centrifuged, 
suspended, in 100 μL binding buffer, and added with 2 
μL Annexin-V-fluorescein isothiocyanate (20 μg/mL). 
Then, the cells were placed on the ice for 15  min, 
transferred to the flow tube, and added with 300 μL 
PBS. Each sample was added with 1 μL propidium 
iodide (PI) (50 μg/mL) and tested on the flow cytom-
eter. Annexin-V was used as abscissa axis and PI as 
longitudinal axis; left upper quadrant was mechani-
cal injury cells; right upper quadrant was non-viable 
apoptotic cells or necrotic cells; left lower quadrant 
was negative normal cells; right lower quadrant was 
early apoptotic cells.

Transwell assay

The matrigel (BD Biosciences, Franklin Lakes, NJ, 
USA) was dissolved at 4  °C, diluted on the ice by 
serum-free medium and added into the apical cham-
ber of the Transwell chamber (Corning, N.Y., USA) 
to evenly cover the bottom of the chamber, then dried 
overnight. In the cell migration experiment, the api-
cal camber was not coated with matrigel. Cells were 
detached by trypsin and suspended with serum-free 
medium. Cell suspension (200 μL) was added into the 
apical chamber with 1.5 × 105 cells/chamber, and the 
basolateral chamber was added with 600 μL RPMI-
1640 medium supplemented with FBS (100  g/L), 
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then the chamber was cultured for 48  h in an incu-
bator. Afterwards, cells in the apical chamber were 
wiped off by cotton swabs, cleaned by PBS, and dyed 
with crystal violet staining solution (1  g/L). Five 
fields of view were randomly selected to observe the 
trans-membrane cells by an inverted microscope.

Tumor xenografts in nude mice

BALB/c mice aged 4  weeks and weighed 16–18  g 
(male and female) were fed in the specific patho-
gen-free grade animal room. Cells in the logarith-
mic phase were amassed and counted, and the cell 
concentration was set to 5 × 107 cells/mL. Each 
mouse was subcutaneously injected with 0.1  mL 
cell suspension at axillary. The survival of mice and 
the tumor size were observed every day. SMMC-
7721 cells and LM3 cells were grouped into (n = 6) 
sh-NC group, sh-FOXP4-AS1-1 group, sh-FOXP4-
AS1-2 group, pcDNA group, pcDNA-FOXP4-AS1 
group, sh-FOXP4-AS1-1 + sh-CTR group, and sh-
FOXP4-AS1-1 + sh-ZC3H12D group. Mice were 
euthanized at the 21st day. The tumor tissues were 
collected, then the long diameter (a) and the short 
diameter (b) of tumor were measured, the tumor 
volume (V) was counted. V (mm3) = 1/2 × a × b2. 
The tumor was weighed and photographed. The 
tumor tissues were fixed in 4% paraformaldehyde, 
dehydrated, embedded, and sliced to 4  μm for fol-
low-up experiment.

Immunohistochemistry

The tissue slices were dewaxed, blocked with 3% 
hydrogen peroxide for 15  min, cleaned three times 
with PBS, sealed by 10% normal goat serum for 
30 min, then incubated with primary antibody Ki-67 
(1: 5000, Abcam Inc., Cambridge, MA, USA) over-
night. Next, slices were rinsed three times by PBS with 
5  min per time, incubated with secondary antibody 
for 1 h, developed by diaminobenzidine, then placed 
in the distilled water. Then, slices were dehydrated 
by gradient alcohol, cleared by xylene, and sealed by 
neutral gum. The expression of Ki-67 was analyzed by 
calculating the percentage of positive cells. Ten fields 
of view were randomly selected under the microscope, 
and the percentage of positive cells in total cells was 
reckoned.

Terminal deoxynucleotidyl transferase‑mediated 
deoxyuridine triphosphate‑biotin nick end labeling 
staining

The paraffin-embedded tumor tissue sections were 
mounted and baked, then the apoptotic cells were 
observed and calculated under the microscope with 
reference to the instruction of TUNEL cell apopto-
sis detection kit (Beyotime Institute of Biotechnol-
ogy, Shanghai, China).

RT‑qPCR

The total RNA in cells and tissues was extracted by 
Trizol (Invitrogen). The RNA samples of A206/A280 
from 1.8 to 2.0 were reversely transcribed. Comple-
mentary DNA was synthesized in accordance with 
reverse transcription PCR with RNA as a template. 
qPCR was performed with SYBR PrimScript RT-PCR 
Kit (Takara Bio Inc., Otsu, Shiga, Japan). The target 
gene expression was analyzed by 2−ΔΔct method. The 
primers were synthesized by Invitrogen (Table 1).

Chromatin fractionation

Cells were trypsinized, resuspended in the chroma-
tin fractionation buffer (10  mM Hepes [pH = 7.6], 
150  mM NaCl, 3  mM MgCl2, 0.5%Triton X-100, 
1  mM dithiothreitol supplemented with cOmplete™ 

Table 1   Primer sequence

F, forward; R, reverse; FOXP4-AS1, forkhead box P4 antisense 
RNA 1; EZH2, enhancer of zeste homolog 2; ZC3H12D, zinc 
finger CCCH-type containing 12D; GAPDH, glyceraldehyde 
phosphate dehydrogenase

Gene Sequence

FOXP4-AS1 F: 5′-GTG​AGC​TTC​TGG​GTT​CGA​CA-3′
R: 5′-ATT​GAG​GGT​TAG​GGC​AGC​AC-3′

EZH2 F: 5′-AAT​CAG​AGT​ACA​TGC​GAC​T GAGA-3′
R: 5′- GCT​GTA​TCC​TTC​GCT​GTT​TCC-3′

ZC3H12D F: 5′-AAA​TAT​AGT​TTG​TAG​GAG​GAA​GAG​
TGTTA-3′

R: 5′-CAA​TAA​AAA​ACC​ACA​AAA​CCA​TAT​
TAT​CTC​-3′

GAPDH F: 5′- CAC​CCA​CTC​CTC​CAC​CTT​TG -3′
R: 5′- CCA​CCA​CCC​TGT​TGC​TGT​AG-3′
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proteinase inhibitor compound) (Roche, CA, USA) at 
1.0 × 107 cells/mL and incubated for 30 min. Precipi-
tated chromatin was centrifuged, and total and chro-
matin fractionated samples were treated with MNase 
(S7 Micrococcal nuclease, Roche). All samples were 
incubated in 1 × Laemmli buffer (10% glycerol, 10 mM 
Tris [pH = 6.8], 2% sodium dodecyl sulfate [SDS], 
0.1 mg/ml bromphenolblue, 2% β-mercaptoethanol) at 
95 °C for 5 min and were further analyzed using West-
ern Blot Dalcher et al. (2020).

Western blot analysis

The total protein was extracted from tissues and 
cells, and the protein quantification was performed 
by bovine serum albumin protein kit (Thermo Sci-
entific, Rockford, IL, USA). SDS polyacrylamide 
gel electrophoresis (10%) was prepared and each 
well was added with 25  μg protein sample. After 
electrophoresis, protein was transferred into the 
polyvinylidene fluoride membrane (Millipore, 
Bedford, MA, USA), which was blocked by 5% 
skimmed milk powder for 1 h, washed three times 
with phosphate-buffered saline with Tween, and 
incubated with EZH2 antibody (ab191080, 1:1000), 
H3K27me3 antibody (ab6002, 1: 1000), ZC3H12D 
antibody (ab100862, 1:1000), histone H3 antibody 
(ab1791. 1:1000), and glyceraldehyde phosphate 
dehydrogenase (ab9485, 1:2000) (all from Abcam) 
overnight, then incubated with secondary antibody 
labeled by enzyme (Abcam) for 1 h. The membrane 
was developed and exposed by enhanced chemilu-
minescence reagent (Pierce Biotechnology, Rock-
ford, IL, USA). The gray value was analyzed by 
ImageJ software.

RNA immunoprecipitation assay

Experiment was carried out with reference to the 
instructions of Magna RIP™ RNA-binding protein 
immunoprecipitation kit (Millipore). Cells with 
80–90% confluence were lysed by RIP lysate. Then, 
cell extract was incubated with RIP buffer contain-
ing magnetic bead which was combined with EZH2 
antibody and immunoglobulin G (IgG), respec-
tively. The sample was incubated with protease K 
and the purified RNA was utilized for RT-qPCR 
analysis.

Chromatin immunoprecipitation assay

Cells were prepared with ChIP kit (Millipore) for 
ChIP detection. Firstly, cells were cross-linked with 
1% methanal for 30  min. DNA isolated from cells 
were smashed to 200–1000  bp by ultrasonication. 
Then, the DNA fragment was incubated with A/G 
protein bead containing EZH2 (1:50) and H3K27me3 
(1:50, Cell Signaling Technology) or IgG antibody 
overnight. Next, cells were cleaned, eluted, and de-
cross-linked. Finally, the DNA sample was recovered 
for RT-qPCR detection.

Statistical analysis

All data were analyzed by SPSS 21.0 software (IBM 
Corp. Armonk, NY, USA). The measurement data 
were represented as mean ± standard deviation. Com-
parisons between two groups were conducted by t test 
while those among multiple groups were assessed 
by one-way analysis of variance (ANOVA), and the 
pairwise comparison after ANOVA was analyzed by 
Tukey’s multiple comparisons test. Pearson analysis 
was used for correlation analysis, and the prognosis 
of HCC patients was analyzed by Kaplan–Meier. Sta-
tistical significance was set at P < 0.05.

Results

FOXP4‑AS1 and EZH2 expression and H3K27me3 
abundance are enhanced while ZC3H12D expression 
is depressed in HCC tissues and cells

RT-qPCR and Western blot analysis were used 
to detect the expression of FOXP4-AS1, EZH2, 
H3K27me3, and ZC3H12D in HCC tissues and adja-
cent tissues; it was demonstrated that FOXP4-AS1 
and EZH2 expression and H3K27me3 abundance 
were heightened and ZC3H12D expression was 
decreased in the HCC tissues versus the adjacent tis-
sues (all P < 0.05) (Fig. 1A–G).

Pearson analysis was adopted to analyze the cor-
relation among FOXP4-AS1, EZH2 mRNA, and 
ZC3H12D mRNA expression. It was suggested that 
FOXP4-AS1 expression was positively related to 
EZH2 mRNA expression (Fig.  1H) and was nega-
tively related to ZC3H12D mRNA expression 
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(Fig.  1I) and EZH2 mRNA expression was nega-
tively related to ZC3H12D mRNA expression 
(Fig. 1J) (all P < 0.05).

Kaplan–Meier survival curve was utilized to 
analyze the effect of FOXP4-AS1 expression on 
the prognosis of HCC patients, and the results 

reported that the survival rate of HCC patients in 
the FOXP4-AS1 low expression group was higher 
than that in the FOXP4-AS1 high expression group 
(P < 0.05), indicating that the prognosis of HCC 
patient with low FOXP4-AS1 expression was better 
(Fig. 1K).

Fig. 1   FOXP4-AS1 and EZH2 expression and H3K27me3 
abundance are enhanced while ZC3H12D is depressed in 
HCC tissues and cells. A, B, C FOXP4-AS1 expression, EZH2 
mRNA expression and ZC3H12D mRNA expression in HCC 
tissues and adjacent tissues was determined using RT-qPCR, 
n = 106. D, E, F, G Protein bands and protein expression of 
EZH2, H3K27me3, and ZC3H12D in HCC tissues and adja-
cent tissues was determined using Western blot analysis, 
n = 106. H The correlation between FOXP4-AS1 and EZH2 
mRNA expression was analyzed by Pearson analysis, n = 106. 
I The correlation between FOXP4-AS1 and ZC3H12D mRNA 
expression was analyzed by Pearson analysis, n = 106. J The 
correlation between EZH2 mRNA and ZC3H12D mRNA 
expression was analyzed by Pearson analysis, n = 106. K The 

effect of FOXP4-AS1 expression on the prognosis of HCC 
patients was analyzed by Kaplan–Meier survivorship curve, 
n = 106. L, M, N FOXP4-AS1, EZH2, and ZC3H12D mRNA 
expression in L-02 and HCC cells was determined using RT-
qPCR. O, P, Q, R Protein bands and protein expression of 
EZH2, H3K27me3, and ZC3H12D in L-02 and HCC cells 
was determined using Western blot analysis; N = 3. Compari-
sons between two groups were conducted by t test, compari-
son among multiple groups were assessed by one-way ANOVA 
followed by Tukey’s multiple comparisons test. Pearson analy-
sis was used for correlation analysis, and the prognosis of HCC 
patients was analyzed by Kaplan–Meier. *P < 0.05 vs. the adja-
cent tissues, #P < 0.05 vs. the normal liver cells L-02
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Western blot analysis and RT-qPCR were used 
to test H3K27me3 abundance and FOXP4-AS1, 
EZH2, and ZC3H12D expression in human nor-
mal liver cells L-02 and human HCC cell lines 
MHCC-97H, HepG2, LM3, and SMMC-7721. 
It was displayed that FOXP4-AS1 and EZH2 
expression and H3K27me3 abundance were 
raised and ZC3H12D expression was reduced in 
HCC cell lines versus L-02 cells (all P < 0.05) 
(Fig. 1L–R).

Knockdown FOXP4‑AS1 suppresses progression of 
HCC cells as well as the in vivo tumor growth

It was presented by CCK-8 assay, colony formation 
assay, flow cytometry, and Transwell assay that in 
the sh-FOXP4-AS1-1 and sh-FOXP4-AS1-2 groups, 
the proliferation, invasion, colony formation, and 
migration were markedly reduced, as well as apopto-
sis was raised versus the sh-NC group (all P < 0.05) 
(Fig. 2A–L).

Fig. 2   Knockdown FOXP4-AS1 suppresses progression of 
HCC cells. A–B The growth curve of SMMC-7721 cells and 
LM3 cells was tested by CCK-8 assay. C–D The colony for-
mation ability of SMMC-7721 cells and LM3 cells was tested 
by colony formation assay. E–F Cell apoptosis rate of SMMC-
7721 cells and LM3 cells was tested by flow cytometry. G-H 
Cell migration ability of SMMC-7721 cells and LM3 cells 

was tested by Transwell assay. I-JL Cell invasion ability of 
SMMC-7721 cells and LM3 cells was tested by Transwell 
assay; N = 3. Comparisons between two groups were conducted 
by t test, comparison among multiple groups were assessed by 
one-way ANOVA followed by Tukey’s multiple comparisons 
test. ^P < 0.05 vs. the sh-NC group
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The growth of transplanted tumor of HCC cells 
after downregulating FOXP4-AS1 was observed. 
It was displayed that versus the sh-NC group, the 
weight and volume of tumor were decreased in the 
sh-FOXP4-AS1-1 and sh-FOXP4-AS1-2 groups 
(both P < 0.05) (Fig. 3A–F). Immunohistochemistry 
was used to test the expression of Ki-67 in trans-
planted tumor tissues and it was showed that by 
comparison with the sh-NC group, Ki-67 expres-
sion was reduced in the sh-FOXP4-AS1-1 and sh-
FOXP4-AS1-2 group (both P < 0.05) (Fig.  3G–H). 
TUNEL staining results demonstrated that by 

comparison with the sh-NC group, the apoptosis 
index of cells in the transplanted tissues was height-
ened in the sh-FOXP4-AS1-1 and sh-FOXP4-AS1-2 
groups (both P < 0.05) (Fig. 3I–J).

Restoring FOXP4‑AS1 promotes development of 
HCC cells as well as the in vivo tumor growth

The investigation focused on function of restored 
FOXP4-AS1 in HCC reported that in contrast with 
the pcDNA group, the proliferation, invasion, colony 

Fig. 3   Knockdown FOXP4-AS1 suppresses the in  vivo HCC 
tumor growth. A&D Representative tumor images of each 
group. B&E Comparison of tumor volume in each group. 
C&F Comparison of tumor weight in each group. G–H Ki-67 
expression in transplanted tumor tissues was tested by immu-
nohistochemistry (× 400). I–J Cell apoptosis rate in trans-

planted tumor tissues was tested by TUNEL staining (× 400); 
n = 6. Comparisons between two groups were conducted by t 
test, comparison among multiple groups were assessed by one-
way ANOVA followed by Tukey’s multiple comparisons test. 
^P < 0.05 vs. the sh-NC group
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formation, and migration were enhanced, as well as 
apoptosis were decreased in the pcDNA-FOXP4-AS1 
group (all P < 0.05) (Fig. 4A–L).

The growth of transplanted tumor of HCC cells 
after upregulating FOXP4-AS1 was observed. The 
results suggested that in contrast with the pcDNA 
group, the weight and volume of tumor were dra-
matically enhanced in the pcDNA-FOXP4-AS1 
group (P < 0.05) (Fig. 5A–F). Immunohistochemistry 

was used to test the expression of Ki-67 in trans-
planted tumor tissues and the result demonstrated 
that versus the pcDNA group, Ki-67 expression was 
notably raised in the pcDNA-FOXP4-AS1 group 
(P < 0.05) (Fig.  5G–H). TUNEL staining result 
reported that by comparison with the pcDNA group, 
the apoptosis index of cells in the transplanted tis-
sues was depressed in the pcDNA-FOXP4-AS1 group 
(P < 0.05) (Fig. 5I–J).

Fig. 4   Restoring FOXP4-AS1 promotes development of HCC 
cells. A&C The growth curve of SMMC-7721 cells and LM3 
cells was tested by CCK-8 assay. B&D The colony formation 
ability of SMMC-7721 cells and LM3 cells was tested by col-
ony formation assay. E–F Cell apoptosis rate of SMMC-7721 
cells and LM3 cells was tested by flow cytometry. G–H Cell 

migration ability of SMMC-7721 cells and LM3 cells was 
tested by Transwell assay. I–J Cell invasion ability of SMMC-
7721 cells and LM3 cells was tested by Transwell assay; N = 3. 
Comparisons between two groups were conducted by t test. 
&P < 0.05 vs. the pcDNA group
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Depleting ZC3H12D reverses the effect of 
downregulated FOXP4‑AS1 on HCC cells

In order to discuss the effect of FOXP4-AS1 on the 
biological functions of HCC cells, some assays were 
adopted and the results displayed that by compari-
son with the sh-FOXP4-AS1-1 + sh-CTR group, the 
proliferation, invasion, colony formation, and migra-
tion were elevated, as well as apoptosis were reduced 
in the sh-FOXP4-AS1-1 + sh-ZC3H12D group (all 
P < 0.05) (Fig. 6A–L).

The growth of transplanted tumor of HCC 
cells was observed by tumor xenografts in 
nude mice. It was revealed that versus the 

sh-FOXP4-AS1-1 + sh-CTR group, the weight 
and volume of tumor were heightened in the 
sh-FOXP4-AS1-1 + sh-ZC3H12D group (both 
P < 0.05) (Fig.  7A–F). Immunohistochemistry was 
adopted to detect Ki-67 expression in transplanted 
tumor tissues and it was reported that versus the 
sh-FOXP4-AS1-1 + sh-CTR group, Ki-67 expres-
sion was elevated in the sh-FOXP4-AS1-1 + sh-
ZC3H12D group (P < 0.05) (Fig.  7G–H). TUNEL 
staining result indicated that versus the sh-FOXP4-
AS1-1 + sh-CTR group, the apoptosis index of cells 
in the transplanted tissues was decreased in the sh-
FOXP4-AS1-1 + sh-ZC3H12D group (P < 0.05) 
(Fig. 7I–J).

Fig. 5   Restoring FOXP4-AS1 promotes the in  vivo HCC 
tumor growth. A&D Representative tumor images of each 
group. B&E Comparison of tumor volume in each group. 
C&F Comparison of tumor weight in each group. G–H Ki-67 
expression in transplanted tumor tissues tested by immu-

nohistochemistry (× 400). I–J Cell apoptosis rate in trans-
planted tumor tissues tested by TUNEL staining (× 400); n = 6. 
Comparisons between two groups were conducted by t test. 
&P < 0.05 vs. the pcDNA group
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FOXP4‑AS1 binds to EZH2 which combines to 
the promoter region of ZC3H12D and mediates the 
methylation of H3K27me3

RT-qPCR and Western blot analysis revealed that in 
contrast with the sh-NC group, EZH2 expression and 

H3K27me3 abundance were remarkably decreased 
while ZC3H12D expression was elevated in the 
sh-FOXP4-AS1-1 group (all P < 0.05). By com-
parison with the pcDNA group, EZH2 expression 
and H3K27me3 abundance were enhanced while 
ZC3H12D expression was reduced in the pcDNA-
FOXP4-AS1 group (all P < 0.05) (Fig. 8A–N).

Fig. 6   Depleting ZC3H12D reverses the effect of downregu-
lated FOXP4-AS1 on HCC cells. A–B The growth curve of 
SMMC-7721 cells and LM3 cells was tested by CCK-8 assay. 
C–D The colony formation ability of SMMC-7721 cells and 
LM3 cells was tested by colony formation assay. E–F HCell 
apoptosis rate of SMMC-7721 cells and LM3 cells was tested 

by flow cytometry. G–H Cell migration ability of SMMC-
7721 cells and LM3 cells was tested by Transwell assay. I–J 
Cell invasion ability of SMMC-7721 cells and LM3 cells was 
tested by Transwell assay; N = 3. Comparisons between two 
groups were conducted by t test. +P < 0.05 vs. the sh-FOXP4-
AS1-1 + sh-CTR group
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In general, lncRNA played a role in tumor develop-
ment process through binding to corresponding RNA-
binding proteins. Thus, the potential target binding 
proteins of FOXP4-AS1 were tested by RIP assay, 
and it was reported that FOXP4-AS1 could bind to 
EZH2 (Fig.  9A,B). ChIP assay was used to further 
validate the binding of FOXP4-AS1 and ZC3H12D. 
The results implied that in HCC cells, EZH2 and 
H3K27me3 were enriched in ZC3H12D promoter 
region, and the enrichment was inhibited by FOXP4-
AS1 silencing (Fig.  9C–J). The data suggested that 
FOXP4-AS1 recruits EZH2 to the promoter region of 

ZC3H12D to mediate H3K27me3 methylation level, 
thus inhibiting ZC3H12D expression.

Discussion

HCC refers to the most common primary liver 
tumor globally (Santopaolo et  al. 2019). In a study 
conducted by Wang et  al., it has been shown that 
FOXP4-AS1 level is related to size of tumor, serum 
AFP, serum aspartate aminotransferase, liver cir-
rhosis and patient age in HCC samples (Wang et al. 
2019). Also, a recent study has provided a proof that 

Fig. 7   Depleting ZC3H12D reverses the effect of downregu-
lated FOXP4-AS1 on HCC cells. A&D Representative tumor 
images of each group. B&E Comparison of tumor volume in 
each group. C&F Comparison of tumor weight in each group. 
G–H Ki-67 expression in transplanted tumor tissues tested 

by immunohistochemistry (× 400). I–J Cell apoptosis rate in 
transplanted tumor tissues tested by TUNEL staining (× 400); 
n = 6. Comparisons between two groups were conducted by t 
test. +P < 0.05 vs. the sh-FOXP4-AS1-1 + sh-CTR group
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depletion of EZH2 suppresses cell proliferation of 
HCC (Li, Li et al. 2017a, b). It is customarily consid-
ered that EZH2-mediated H3K27me3 is implicated 

in HCC (Li et al. 2016). It is presented that the anti-
tumor properties of ZC3H12D are further confirmed 
and its expression promotes apoptosis, represses Rb 

Fig. 8   Expression levels of FOXP4-AS1, EZH2, and 
ZC3H12D in SMMC-7721 cells and LM3 cells. A, B, C 
FOXP4-AS1, EZH2 mRNA, and ZC3H12D mRNA expression 
in SMMC-7721 cells was tested by RT-qPCR. D, E, F, G Pro-
tein bands and protein expression of EZH2, H3K27me3, and 
ZC3H12D in SMMC-7721 cells were tested by Western blot 
analysis. H, I, J FOXP4-AS1, EZH2 mRNA, and ZC3H12D 
mRNA expression in LM3 cells was tested by RT-qPCR. 

K, L, M, N Protein bands and protein expression of EZH2, 
H3K27me3, and ZC3H12D in LM3 cells were tested by West-
ern blot analysis. N = 3. Comparisons between two groups 
were conducted by t test, comparison among multiple groups 
were assessed by one-way ANOVA followed by Tukey’s multi-
ple comparisons test. ^P < 0.05 vs. the sh-NC group. &P < 0.05 
vs. the pcDNA group. +P < 0.05 vs. the sh-FOXP4-AS1-1 + sh-
CTR group
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phosphorylation, and cellular growth in Jurkat cells 
(Wawro et al. 2017). Based on these facts, the study 
aimed to explore the effect of FOXP4-AS1/EZH2/
H3K27me3/ZC3H12D axis on HCC.

Of particular interest was the fact that in our study, 
the expression of FOXP4-AS1 and EZH2, and abun-
dance of H3K27me3 were raised while ZC3H12D 
expression was decreased in HCC tissues and cells. 
A study has presented that the expression of FOXP4-
AS1 is heightened in CRC tissues and cell lines while 
its upregulation positively linked to larger tumor size 
and advanced pathological stages Li et  al. (2017a). 
Moreover, FOXP4-AS1 expression is also raised in 
GC tissues and PCa tissues (Chen et  al. 2019; Wu 
et al. 2019). Another study has purported that FOXP4-
AS1 expression is markedly heightened in HCC sam-
ples versus the controls (Wang et al. 2019). As for the 
abnormal expression of EZH2, a study has presented 
that the expression of EZH2 is enhanced in most 
of HCC tissues and all cell lines (Xu et  al. 2014). It 
has been displayed that EZH2 expression is elevated 
in HCC (Yang et al. 2019a, b). A study also demon-
strated that EZH2 expression and H3K27me3 abun-
dance are concomitantly raised in human HCC by 
comparison with non-tumor livers (Gnani et al. 2017). 
In a study conducted by Gao et al., it has been shown 
that H3K27me3 is up-regulated in HCC samples 

at the promoters of certain target (Gao et  al. 2014). 
Moreover, it has been displayed that ZC3H12D is dra-
matically downregulated in airway immune cells dur-
ing acute lung injury induced by lipopolysaccharides 
Zhang et  al. (2015). All these evidences confirmed 
that the expression of FOXP4-AS1 and EZH2 expres-
sion and H3K27me3 abundance were raised while 
ZC3H12D expression was inhibited in HCC tissues 
and cells, but the expression of ZC3H12D in HCC 
cells and tissues needs further investigation.

In addition, our study reported that FOXP4-AS1 
could directly bind to EZH2, and EZH2 could bind 
to the promoter region of ZC3H12D and mediate the 
methylation of H3K27me3. A study has revealed that 
FOXP4-AS1 is involved in the progression of osteosar-
coma through binding to EZH2 (Yang et al. 2018). It 
has been indicated that FOXP4-AS1 can bind to EZH2, 
and positively modulated its expression level (Chen 
et  al. 2019). A study has contended that EZH2 and 
H3K27me3 are enriched in methylated HCC cell lines 
(Wei, Liu et al. 2020a, b). Another study has revealed 
that EZH2 and H3K27me3 are moderately enriched in 
HCC cells as well as EZH2-mediated H3K27me3 con-
tributes to the suppression of miR-22 transcriptional in 
a DNA hyper-methylation-independent manner (Chen 
et al. 2018). However, the binding relationship between 
ZC3H12D and EZH2 needs further study.

Fig. 9   FOXP4-AS1 binds to EZH2 which combines to 
the promoter region of ZC3H12D and mediates the meth-
ylation of H3K27me3. A–B The potential binding protein of 
FOXP4-AS1 was detected by RIP assay. C–D The binding of 
EZH2 and H3K27me3 in the promoter region of ZC3H12D in 
SMMC-7721 and LM3 cells was tested by ChIP assay. E, F, 
G, H, I, J The binding of EZH2 and H3K27me3 in the pro-
moter region of ZC3H12D after downregulated FOXP4-AS1 

in SMMC-7721 and LM3 cells was tested by ChIP assay. IgG 
was the loading control; N = 3. Comparisons between two 
groups were conducted by t test, comparison among multiple 
groups were assessed by one-way ANOVA followed by Tuk-
ey’s multiple comparisons test. ^P < 0.05 vs. the sh-NC group. 
&P < 0.05 vs. the pcDNA group. +P < 0.05 vs. the sh-FOXP4-
AS1-1 + sh-CTR group
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Another result emerged from our data indicating 
that lowly expressed FOXP4-AS1 repressed prolifera-
tion, colony formation ability, invasion and migration 
ability as well as facilitated the apoptosis of HCC 
cells. Moreover, this study also demonstrated that 
downregulated FOXP4-AS1 reduced the weight and 
volume of tumor, also raised the apoptosis rate in 
transplanted tumor tissues of HCC. It has been sug-
gested previously that depleting FOXP4-AS1 induces 
acceleration in number of cells in G0/G1 phase and 
inhibition in number of cells in S-phase in CRC, also, 
represses tumor growth in  vivo Li et  al. (2017a). It 
is reported that downregulation of FOXP4-AS1 
reduces cell proliferation and facilitates cell apopto-
sis, suggesting that FOXP4-AS1 presents oncogenic 
functions in PCa tumorigenesis (Wu et  al. 2019). 
Another study has verified that lowly expressed 
FOXP4-AS1 results in reduction of proliferation, 
migration and invasion, and promotes cell cycle in 
osteosarcoma cells (Yang et  al. 2018). Furthermore, 
a result emerged from our study revealed that deplet-
ing ZC3H12D reversed the effect of downregulated 
FOXP4-AS1 on HCC cells, which needed further 
validation in the future.

Conclusion

As discussed above, it is discovered that lncRNA 
FOXP4-AS1 suppresses ZC3H12D expression via 
mediating H3K27me3 by recruitment of EZH2, 
thus promoting the progression of HCC. However, 
a conclusion about the effects of FOXP4-AS1 and 
ZC3H12D cannot be made clearly due to limited 
known researches on this. There are many genes 
that may be involved in mediating H3K27me3 and 
EZH2, which should be explored further in the later 
research.
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