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Abstract: Hepatocellular carcinoma (HCC) has a poor prognosis because of its limited drug responses in clinical 
trials. Therefore, it is crucial to clarify the molecular mechanisms of HCC progression to identify new diagnostic 
markers and therapeutic targets. Here, we report that brachyury, which regulates the gene encoding the non-SMC 
condensin II complex subunit G2 (NCAPG2), promotes tumorigenesis in HCC. Knockdown of brachyury led to inhi-
bition of cancer progression in vitro and in vivo. Chromatin immunoprecipitation-sequencing data indicated that 
the oncogene NCAPG2 is a direct target of brachyury. Furthermore, NCAPG2 knockdown inhibited the proliferation 
and migration of HCC cells and attenuated brachyury-induced tumorigenesis. Overexpression and decreased DNA 
methylation of NCAPG2 were associated with a poor prognosis, and NCAPG2 was positively correlated with various 
immune cell infiltrates, cancer-associated fibroblasts, and immune checkpoint molecule expression levels in the 
tumor microenvironment. Moreover, the effectiveness of immune checkpoint blockade was decreased in the high 
NCAPG2 expression group. Together, these findings demonstrated a coregulatory effect of the brachyury/NCAPG2 
axis during HCC progression.
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Introduction

According to the Global Cancer Statistics 2020 
report [1], primary liver cancer is the sixth  
most commonly diagnosed cancer and the 
third leading cause of cancer death worldwide 
[1, 2]. Pathologically, hepatocellular carcinoma 
(HCC) is a major type of primary liver cancer  
[3]. Early diagnosis of HCC is difficult, and 
patients have a poor prognosis because medi-
cal treatments are limited. In addition, the 
5-year recurrence rate of HCC patients is 
approximately 80%, even with timely surgical 
operation [4, 5]. Therefore, it is crucial to clarify 
the molecular mechanisms of HCC progression 
and identify new diagnostic markers and thera-
peutic targets.

Brachyury belongs to the T-box transcription 
factor family [6, 7], which shares a highly-con-
served, sequence-specific DNA-binding domain 
of 180 to 200 amino acids known as the 
T-domain. Brachyury was initially reported to 
play a central role in notochord [8] and meso-
derm specification [9]. Further studies from our 
group and others have found that brachyury is 
abnormally regulated in breast [10, 11], lung 
[12], prostate [13], testicular [14], and colorec-
tal cancer [15] and other solid tumors, and 
abnormal regulation of brachyury is associated 
with the degree of malignancy and a poor prog-
nosis. In particular, brachyury expression is 
elevated in tumor tissues compared with adja-
cent non-tumorous tissues, and it is closely 
related to distant metastasis and a poor prog-
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nosis of liver cancer [16]. Overexpression of 
brachyury promotes the epithelial-mesenchy-
mal transition (EMT) and metastasis of HCC 
cells in vitro and in vivo [16]. However, whether 
brachyury affects HCC cell proliferation and  
the underlying specific mechanisms remain 
unclear.

Non-SMC condensin II complex subunit G2 
(NCAPG2) is a component of the chromosome 
condensin II complex, which is essential for 
chromosome condensation and segregation 
during mitosis [17]. NCAPG2 is upregulated in 
HCC, and it enhances HCC cell proliferation by 
inducing EMT and activating the STAT3 and 
NF-κB signaling pathways [18]. A previous stu- 
dy reported that NCAPG2 promotes HCC cell 
proliferation by acting as a direct downstream 
target of miR-375 [19]. These studies suggest 
that upregulation of NCAPG2 expression is 
closely related to HCC cell proliferation, and 
multiple mechanisms affect the ability of 
NCAPG2 to promote malignancy in HCC.

Here, to determine the precise function of bra- 
chyury in HCC, we systematically examined the 
carcinogenic effect of brachyury in vitro and in 
vivo. We reanalyzed the DNA regions with whi- 
ch the transcriptional factor brachyury inter-
acts according to previously published chroma-
tin immunoprecipitation-sequencing (ChIP-seq) 
data [10], and we used quantitative real-time 
polymerase chain reaction (qRT-PCR) assays to 
examine 60 potential target molecules whose 
expression is regulated by brachyury in two 
HCC cell lines. We investigated the role of 
NCAPG2, a direct target of brachyury, during 
HCC progression. In addition, we evaluated 
NCAPG2 expression as well as its correlation 
with HCC prognosis using three databases, 
including The Cancer Genome Atlas (TCGA), 
Genotype-Tissue Expression (GTEx), and Gene 
Expression Omnibus (GEO). We also examined 
the immune cell infiltration, immune check-
point molecules, NCAPG2 methylation, stem-
ness index, and pathway enrichment analysis 
data associated with NCAPG2, further confirm-
ing its carcinogenic role as an oncogene in  
HCC. The present findings suggested that can-
didate target genes of brachyury, including 
NCAPG2, are potential therapeutic targets in 
HCC associated with abnormal brachyury ex- 
pression.

Materials and methods

Cell culture

The HepG2 and Huh7 human HCC cell lines 
were purchased from Zhong Qiao Xin Zhou 
Biotechnology Company (Shanghai, China). 
HepG2 cells were maintained in Minimum 
Essential Medium (MEM, Gibco Life Tech- 
nologies, USA) supplemented with 10% fetal 
bovine serum (ExCell Bio, New Zealand), 1% 
penicillin/streptomycin (Invitrogen, Carlsbad, 
CA, USA), 1% sodium pyruvate (Thermo Fisher 
Scientific, Waltham, MA, USA), and 1% MEM 
Non-Essential Amino Acids Solution (Thermo 
Fisher Scientific). Huh7 cells were maintained 
in Dulbecco’s modified Eagle medium (Thermo 
Fisher Scientific) supplemented with 10% fetal 
bovine serum (ExCell Bio) and 1% penicillin/
streptomycin (Invitrogen). Both cell lines were 
cultured at 37°C in a humidified incubator con-
taining 5% CO2.

Cell transfection

To construct the brachyury overexpression 
plasmid, human brachyury cDNA was amplifi- 
ed by PCR and then cloned into the pcDNA3.0 
vector (Invitrogen). To construct pGL6-NCAPG2 
plasmids, both full length (-2000 - +1000 rela-
tive to the transcriptional start site) and partial 
(promoter-mut) NCAPG2 promoter sequences 
were amplified by PCR from human genomic 
DNA and inserted into the pGL6 firefly luci- 
ferase reporter vector (Beyotime, Nantong, 
China). The NCAPG2 promoter-mut construct 
was generated using the ClonExpress Ultra  
One Step Cloning Kit (Vazyme, Nanjing, China).

Small interfering RNA (siRNA) sequences tar-
geting brachyury and NCAPG2 were purchased 
from GenePharma (Shanghai, China). Brach- 
yury, NCAPG2, and negative control siRNAs 
were transfected into HepG2 and Huh7 cells 
using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions. Cells 
were harvested for further analysis at 48 h 
post-transfection. The siRNA sequences were 
as follows: si-Brachyury#1, 5’-GCUGAACUCCU- 
UGCAUAAG-3’; si-Brachyury#2, 5’-GGAUGUUU- 
CCGGUGCUGAA-3’; si-NCAPG2#1, 5’-CAGCCU- 
AAAUGAAUUACUA-3’; si-NCAPG2#2, 5’-GCGUA- 
UCCAUCAAGCUUUA-3’; si-NCAPG2#3, 5’-GCCA- 
AACUUUACACGAUUA-3’; and si-NC, 5’-UUCUCC- 
GAACGUGUCACGU-3’.
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Western blot analysis

Radioimmunoprecipitation assay buffer (Beyo- 
time) supplemented with 1% (v/v) phenylmeth-
anesulfonylfluoride (Beyotime) was used to 
extract total proteins from cells. Protein con-
centrations were analyzed using a bicinchonin-
ic acid kit (Beyotime). Total proteins (30 μg) 
were electrophoresed by 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and 
then transferred onto polyvinylidene difluoride 
membranes (Millipore, Billerica, MA, USA). After 
blocking with 5% nonfat milk, the membranes 
were incubated with the indicated primary anti-
bodies (anti-brachyury and anti-GAPDH at 
1:1000; Cell Signaling Technology, CST) over-
night at 4°C. The membranes were then wash- 
ed and incubated with horseradish peroxidase-
conjugated secondary antibodies for 2 h at 
room temperature. The bands were visualized 
using an ECL Prime western blotting detection 
system. Anti-GAPDH was used in parallel as a 
loading control, and experiments were per-
formed in triplicate.

RNA extraction and qRT-PCR

Total RNA was extracted with the TRIzol rea- 
gent (Invitrogen) according to the manufac- 
turer’s instructions. cDNA was synthesized 
from 1 μg of total RNA using a Prime Script 
Reverse Transcription Kit (Vazyme), as previ-
ously described [20, 21]. cDNA was used  
as the template for qRT-PCR using the ABI 
7500 Real-Time PCR system (Applied Bio- 
systems, Foster City, CA, USA) according to the 
manufacturer’s instructions. The results were 
normalized to GAPDH expression and calculat-
ed based on the 2-ΔΔCT method. The following 
primers were used: NCAPG2-F, CTGTTCAGT- 
CTCGGCACACA; NCAPG2-R, AACCTTCCGTAG- 
CTGGTGAC; 18sRNA-F, AAACGGCTACCACATC- 
CAAG; 18sRNA-R, CCTCCAATGGATCCTCGTTA; 
GAPDH-F, TGGCATTGCCCTCAACGAC; and GAP- 
DH-R, TTTTCTGAGCCAGCCACCAGAG.

Cell viability assay

Cells were seeded in 96-well plates (3000 
cells/well) and transfected once they reached 
approximately 70% confluence. After 48 h, cell 
viability was assessed every 24 h using a cell 
counting kit (CCK)-8 assay (Beyotime Biotech- 
nology), as previously described [22, 23]. For 
the colony formation assay, cells were seeded 
in six-well plates (1000 cells/well) and cultur- 
ed in complete medium containing 10% fetal 

bovine serum for 14 days. The medium was 
changed every 5 days. After 2 weeks, the cells 
were washed twice with phosphate-buffered 
saline (PBS) solution, fixed with methanol for 
20 min, and stained with 0.1% crystal violet 
(Beyotime Biotechnology) for 20 min. The colo-
nies were photographed and counted, and the 
process was performed in triplicate.

Cell migration assay

The cell migration capacity was evaluated via 
24-well chambers with an 8-μm pore size, as 
previously described [24]. At 48 h post-trans-
fection, HepG2 and Huh7 cells (3 × 104 cells) 
were resuspended in 300 µl of serum-free 
medium and placed in the upper chamber, and 
the lower chamber was filled with 700 µl of 
medium supplemented with 10% fetal bovine 
serum. After 48 h of culture, the cells on the 
upper membrane were removed with a sterile 
cotton swab, and the cells on the lower mem-
brane surface were fixed with methanol for 20 
min and stained with 0.1% crystal violet for 20 
min. The cell number was counted under a mi- 
croscope, and the experiment was performed 
in triplicate.

In vivo tumor growth assay

For the in vivo growth assay, 5-week-old athy-
mic BALB/c nude mice were maintained under 
specific pathogen-free conditions. Huh7 cells 
transfected with short hairpin (sh)-brachyury or 
sh-negative control (NC) were washed twice 
with PBS and then digested with trypsin. Flank 
subcutaneous xenografts were then estab-
lished by subcutaneous injection of 1 × 106 
cells suspended in 200 μl of PBS. In each 
mouse, one side was injected with the treat-
ment group, and the other side was injected 
with the control group. The tumor sizes were 
measured every 5 days. After 40 days, mice 
were sacrificed, and the subcutaneous tumors 
were removed. The tumor volumes and wei- 
ghts were evaluated, and the tumors were sub-
jected to immunostaining with Ki67. All experi-
mental protocols were approved by the Ethics 
Committee of Nanjing Medical University.

Immunofluorescence

Fresh subcutaneous tumor tissue was fixed 
with 4% paraformaldehyde for 48 h. The tissue 
was cut to an appropriate size with a scalpel 
and then dehydrated in a series of low-to-high 
concentrations of ethanol. The tissue was then 
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hyalinized with xylene, embedded in paraffin, 
sectioned at 6 μm, deparaffinized with xylene, 
and rehydrated in a series of low-to-high con-
centrations of ethanol, as previously reported 
[25, 26]. The antigen was retrieved in sodium 
citrate buffer (pH 6.0) for 20 min. The sections 
were then blocked with 5% bovine serum albu-
min and incubated with a primary antibody 
against Ki67 (Abcam) at 4°C overnight. After 
washing with PBS, the sections were incubated 
with secondary antibodies (Thermo Scientific), 
and cell nuclei were stained with 4’,6-diamidi-
no-2-phenylindole (DAPI, Beyotime Biotechno- 
logy). Samples were visualized using a Zeiss 
laser microscope (LSM800, Carl Zeiss, Ober- 
kochen, Germany). The HCC tissue microarray 
was obtained from Zhongke Huaguang Biotech 
Co., Ltd. (Xi’an, China) and reacted with a pri-
mary antibody against brachyury (CST).

ChIP-qPCR assay

The ChIP-qPCR assay was performed using a 
ChIP assay kit (Millipore) with a standard proto-
col as previously reported [23, 27]. In brief, 
cells were harvested, washed, and cross-linked 
using 1% formaldehyde. The DNA-protein com-
plexes were isolated and sheared into frag-
ments of 300-500 bp. Isolated chromatin was 
immunoprecipitated using an anti-brachyury 
antibody and normal rabbit IgG (negative con-
trol). Immunoprecipitated DNA was analyzed by 
qRT-PCR using the following primers: human 
NCAPG2 forward, 5’-ATGATGGGGAGGAGGACA- 
CA-3’; and human NCAPG2 forward reverse, 
5’-ACATAAACCCCCATTTGTGCAG-3’. The experi-
ment was replicated three times.

Dual-luciferase reporter assay

Cells were cultured in 12-well plates and tran-
siently transfected with 0.2 μg of the pGL6 
luciferase reporter plasmid and brachyury 
effector plasmid. An internal control reporter 
plasmid containing Renilla luciferase (pRL-TK) 
was used for cotransfection to normalize the 
transfection efficiency. Two days after transfec-
tion, luciferase activity was detected using the 
Dual-luciferase Reporter Gene Assay System 
(Beyotime Biotechnology).

Dataset analyses

NCAPG2 expression data in cancer and nor- 
mal tissues were obtained from the following 
databases: TCGA (https://portal.gdc.cancer.
gov/), GTEx (https://gtexportal.org/), and GEO 

(GSE62232, GSE101685, and GSE112790 
datasets). 

Correlation analyses of NCAPG2 with tumor 
stage (such as the T stage), pathological stage, 
histological grade, and hepatitis B virus (HBV) 
infection were performed using data from  
TCGA and the ggplot package in R. Kaplan-
Meier (KM) survival curve analyses were per-
formed using the survival package in R. The 
cases were divided into high and low NCAPG2 
expression groups based on the median ex- 
pression level of NCAPG2. A log-rank test was 
performed to analyze the relationship between 
NCAPG2 expression and HCC survival out-
comes, including overall survival (OS), progres-
sion-free survival (PFS), and disease-free sur-
vival (DFS).

The TIMER algorithm was used to analyze the 
correlations of NCAPG2 expression with im- 
mune cell infiltration and cancer-associated 
fibroblasts (CAFs) in HCC [28]. In addition, the 
correlations of NCAPG2 expression with ma- 
crophage M2 polarization and M2-like macro-
phage biomarkers were explored using quan-
TIseq algorithms. The association between 
NCAPG2 expression and tumor immune sub-
types, including the wound healing (C1), inter-
feron (IFN)-gamma dominant (C2), inflammato-
ry (C3), lymphocyte depleted (C4), immunologi- 
cally quiet (C5), and TGF-beta dominant (C6) 
subtypes, was analyzed using the TISDB web-
site [29]. HCC is a representative inflamma- 
tion-related cancer, and immune checkpoint 
inhibitors (ICIs) play an important role in its 
treatment [30]. The correlation of NCAPG2 
expression with immune checkpoint molecule 
expression was evaluated using the ggplot2 
package in R based on TCGA data. In addition, 
we predicted NCAPG2 gene expression using 
the TIDE algorithm to predict ICI responsive- 
ness.

DNA methylation is an essential component  
of the epigenetic machinery that affects chro-
matin structure and regulates gene expre- 
ssion [31]. We assessed the DNA methylation 
sites of NCAPG2 using the MethSurv data- 
base (https://biit.cs.ut.ee/methsurv/). More- 
over, KM survival analysis was performed to 
evaluate the relationship between DNA methyl-
ation sites of NCAPG2 and the OS of HCC 
patients.

Because cancer progression involves the grad-
ual loss of a differentiated phenotype and 
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acquisition of progenitor and stem cell-like fea-
tures [32], we assessed the tumor stemness 
score using the OCLR algorithm and analyzed 
the correlation between NCAPG2 expression 
and stemness scores in HCC patients.

To elucidate the signaling pathways that in- 
volve NCAPG2, we calculated the correlation 
between NCAPG2 and pathway scores using 
Spearman correlation coefficients in HCC pati- 
ents in TCGA by gene set enrichment analysis 
(GSEA).

Statistical analysis

GraphPad Prism 8 software and R were  
used for the statistical analyses. Differences 
between groups were compared using the 
Wilcoxon rank-sum test, one-way analysis of 
variance, or a two-tailed Student’s t-test as 
appropriate. Correlations were evaluated using 
Pearson or Spearman correlation coefficients 
as appropriate. KM plots were used to identify 
the significance of differences between surviv-
al outcomes, and differences with a value of P 
< 0.05, P < 0.01, P < 0.001, and P < 0.0001 
were set as the thresholds for statistical sig- 
nificance.

Results

Brachyury knockdown suppresses HCC cell 
proliferation and migration in vitro

We first examined brachyury expression in HCC 
using a tissue microarray with 47 HCC and 
paired adjacent normal tissues. The immunos-
taining results revealed that brachyury was 
highly expressed in HCC tissues relative to 
paracancerous tissues (Figure S1).

To investigate the role of brachyury in HCC pro-
gression, we selected two HCC cell lines, 
HepG2 and Huh7, for functional verification.  
We performed brachyury siRNA knockdown 
experiments in both cell lines, and the siRNA 
sequences led to reduced brachyury protein 
expression compared with that in the control 
group (Figure 1A, 1B). CCK8 assays demon-
strated that brachyury knockdown significantly 
inhibited cell proliferation ability (Figure 1C, 
1D), and colony formation assays showed that 
silencing brachyury resulted in fewer colonies 
(Figure 1E, 1F). We next examined the influ-
ence of brachyury on HCC cell migration using  

a Transwell assay. The number of migrating 
cells was significantly reduced after brachyury 
silencing in HepG2 and Huh7 cells (Figure 1G, 
1H). Therefore, these data indicated that 
brachyury knockdown negatively regulates cell 
growth and migration in HepG2 and Huh7 cells.

Silencing of brachyury inhibits HCC cell prolif-
eration in vivo

To determine whether brachyury affects HCC 
proliferation in vivo, we performed tumor for-
mation experiments in nude mice. Nude mice 
were injected with Huh7 cells stably transfect-
ed with sh-brachyury or sh-NC, and the tumor 
volumes were calculated every 5 days. The sh-
brachyury group exhibited smaller subcutane-
ous tumors than those in the control group 
(Figure 2A-C). Immunofluorescence staining of 
brachyury showed a significant decrease in its 
expression in sh-brachyury tumor tissues com-
pared with that in the sh-NC group (Figure S2). 
To investigate the role of brachyury in promot-
ing cell proliferation in vivo, we utilized immu- 
nofluorescence staining to measure the Ki-67 
protein level. In brachyury-deficient tumor tis-
sues, a significant decrease in the number of 
Ki-67-positive (Ki-67+) cells was observed (Fig- 
ure 2D, 2E), indicating that brachyury knock-
down suppresses cell proliferation in vivo.

Brachyury directly binds to the NCAPG2 pro-
moter region to positively regulate its expres-
sion

Our previous study found that brachyury is an 
important transcriptional regulator and that it 
plays an oncogenic role in breast cancer by 
directly binding to the SOX5 promoter region 
[10]. To explore whether brachyury has a simi- 
lar transcriptional regulatory function in HCC 
cells, we reanalyzed the DNA regions that the 
brachyury transcriptional factor interacts with 
that were identified in our previously reported 
ChIP-seq data [10], and we used qRT-PCR to 
examine 60 potential target molecules whose 
expression is regulated by brachyury (Figure 
3A). We found that, among the 60 potential tar-
get molecules, only NCAPG2 levels were signifi-
cantly reduced when brachyury was silenced in 
both HepG2 and Huh7 cells (Figure 3B). Addi- 
tionally, we identified a brachyury-binding peak 
at the promoter region of NCAPG2 (Figure 3C). 
The enrichment of brachyury on the promoter 
region of NCAPG2 was detected in HepG2 and 
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Huh7 cells using a ChIP-qPCR assay (Figure  
3D, 3E). Further bioinformatics analysis identi-

fied two functional motifs, namely, 5’-BTGG- 
GARR-3’ and 5’-YGCCTGW-3’, which are highly 

Figure 1. Brachyury knockdown decreases HCC cell proliferation and migration in vitro. A, B. Western blot analysis 
was utilized to confirm the siRNA-mediated knockdown of brachyury in HepG2 and Huh7 cells. C, D. CCK8 assays 
revealed that brachyury knockdown attenuated the growth of both HepG2 and Huh7 cells for up to 96 h compared 
to that of the si-NC group. E, F. Colony formation assays were performed to determine the proliferation ability of si-
brachyury-transfected HepG2 and Huh7 cells. G, H. Transwell assays were performed to investigate the changes 
in migration abilities of si-brachyury-transfected HepG2 and Huh7 cells. Scale bar = 100 μm. ***P < 0.001 and 
****P < 0.01.
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conserved among humans, macaques, mice, 
and rats, in the binding peak of NCAPG2  
(Figure 3F). For further confirmation, we gener-
ated constructs containing the NCAPG2 pro-
moter sequence that lacked the two motifs 
(mut-1 and mut-2) and performed a dual- 
luciferase reporter assay, which showed that 
the mutated NCAPG2 promoter significantly 

attenuated the brachyury-mediated transcrip-
tional activation of NCAPG2 (Figure 3G). Col- 
lectively, these findings demonstrated that 
brachyury positively regulates NCAPG2 tran-
scription through binding to two specific motifs 
in its promoter region. Finally, we examined the 
NCAPG2 levels in brachyury-deficient tumor  
tissues. Compared with the sh-NC group, the 

Figure 2. Silencing of brachyury inhibits HCC cell proliferation in vivo. Brachyury-deficient or control Huh7 cells were 
subcutaneously injected into nude mice. A. Tumors were then collected and photographed. B. Tumor weights were 
measured in the control group and brachyury-deficient group. C. Tumor volumes were calculated every 5 days after 
injection. D, E. Ki-67 expression in the control and brachyury-deficient groups was evaluated by immunofluores-
cence and DAPI staining. Scale bar = 20 μm. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 3. Brachyury positively regulates NCAPG2 transcription via binding to two specific motifs in the NCAPG2 
promoter region. (A) Relative expression of candidate genes in the si-NC group compared to the si-brachyury group 
according to qRT-PCR analysis. (B) Relative expression of NCAPG2 in the si-NC group compared to that in the si-
brachyury group according to qRT-PCR analysis. (C) The binding peak of brachyury in the NCAPG2 promoter region. 
(D, E) ChIP-qPCR analysis of brachyury-associated DNA sequences of the putative brachyury-binding region of the 
NCAPG2 promoter in HepG2 and Huh7 cells. (F) Sequence analysis of the putative brachyury-binding region. (G) 
Luciferase activity assays in HepG2 and Huh7 cells transfected with pGL3-NCAPG2 wild-type (wt), mutant (mut), and 
pcDNA3.0-brachyury plasmids for 48 h. (H) Immunofluorescence staining of NCAPG2 in sh-NC and sh-brachyury 
tumor tissues. (I) Quantification of (H). Scale bar = 50 μm. *P < 0.05, **P < 0.01 and ****P < 0.0001.
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NCAPG2 expression levels were significantly 
decreased in brachyury-deficient tumor tissues 
(Figure 3H, 3I).

NCAPG2 knockdown represses cell prolifera-
tion and migration of HCC cells

To confirm the regulation of HCC progression  
by NCAPG2, NCAPG2 siRNAs were transfected 
into HepG2 and Huh7 cells (Figure 4A), which 
demonstrated that NCAPG2 knockdown de- 
creased HCC cell proliferation (Figure 4B-E). 
Using a Transwell assay, we demonstrated that 
NCAPG2 silencing significantly suppressed 
HepG2 and Huh7 cell migration (Figure 4F, 4G). 
Taken together, these results demonstrated 
that NCAPG2 plays a major role in promoting 
HCC progression.

NCAPG2 silencing reverses the effects of 
brachyury overexpression in HCC cells 

To investigate whether brachyury promotes 
HCC progression via facilitating NCAPG2 tran-
scription, we performed a rescue experiment to 
observe the changes in HCC cell proliferation 
and migration. The brachyury overexpression 
plasmid was cotransfected with si-NCAPG2 
into HepG2 and Huh7 cells followed by func-
tional analysis using CCK-8, colony formation, 
and Transwell assays. The proliferation (Figure 
5A-D) and migration (Figure 5E, 5F) of HepG2 
and Huh7 cells were enhanced by overexpress-
ing brachyury alone, but these effects were 
suppressed with siNCAPG2 cotransfection. 

NCAPG2 is significantly upregulated in HCC 
patients and affects their prognosis

The above results in HCC cell lines suggested 
that NCAPG2, as a brachyury target gene, may 
affect the biological behavior of tumors, includ-
ing cell proliferation and colony formation, but 
NCAPG2 expression in HCC patients and its 
correlation with the clinical stage and progno-
sis remain unclear. Therefore, we evaluated  
the expression of NCAPG2 as well as its corre-
lation with prognosis in HCC using three data-
bases, including TCGA, GTEx, and GEO. 

Data mining of TCGA and the GTEx database 
indicated that the NCAPG2 mRNA levels in  
HCC tissues were significantly greater than 
those in normal tissues (Figure 6A). In addi- 
tion, analysis of the GSE62232, GSE101685, 

and GSE112790 GEO datasets demonstrated 
that NCAPG2 was highly expressed in HCC (p < 
0.001) (Figure 6B-D). Overall, these results 
indicated that NCAPG2 is overexpressed in 
HCC compared with normal tissues.

NCAPG2 expression significantly increased 
with increasing T stage (Figure 6E), pTNM sta- 
ge (Figure 6F), and histological grade (Figure 
6G). Patients with a more advanced HCC  
stage tended to have high NCAPG2 expression 
levels, and increased NCAPG2 expression was 
correlated with HBV infection (Figure 6H).

Using the median value of NCAPG2 expression 
as the cutoff point, patients were divided into 
high and low expression groups. We then  
evaluated the relationship between NCAPG2 
expression and HCC survival outcomes based 
on TCGA database. According to the KM sur-
vival analysis, HCC patients with high NCAPG2 
expression levels (high expression group) had 
significantly shorter OS [HR = 1.71 (1.20-2.43), 
log-rank P = 0.003; Figure 6I], PFS [HR = 1.73 
(1.28-2.32), log-rank P = 3e-04; Figure 6J],  
and DFS [HR = 1.68 (1.21-2.34), log-rank P = 
0.002; Figure 6K] than those in the low ex- 
pression group. In addition, Figure 6I-K show 
the survival time and survival status corre-
sponding to NCAPG2 expression in all HCC 
patients using scatterplots. Thus, these data 
indicated that overexpression of NCAPG2 is 
associated with a poor prognosis.

Immune cell infiltration and immune check-
point molecules are correlated with NCAPG2 
expression in HCC patients

Because immune cells are an important part of 
the tumor microenvironment (TME), we used 
the TIMER algorithm to explore the relationship 
of NCAPG2 expression with immune cell infil- 
tration in HCC. The correlation between NC- 
APG2 expression and immune cell infiltrates 
was analyzed using Spearman correlation an- 
alysis. We found that NCAPG2 expression was 
positively correlated with infiltrating levels of B 
cells (r = 0.25, P = 1.52e-06), CD4+ T-cells (r = 
0.24, P = 3.37e-06), neutrophils (r = 0.33, P = 
1.17e-10), macrophages (r = 0.31, P = 1.35e-
09), and dendritic cells (DCs) (r = 0.30, P = 
1.43e-04) in HCC but not with CD8+ T-cells (r = 
0.10, P = 0.06) (Figure 7A). Using the quan-
TIseq algorithm, we also found that NCAPG2 
expression was positively correlated with mac-
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rophage M2 polarization (Figure 7B). Further 
analysis showed that NCAPG2 expression was 
correlated with M2-like macrophage markers, 
including CD163 and TGFB1 (Figure 7C, 7D).  
As a major component of the TME, CAFs are 
closely related to tumor prognosis and the 
immune response [33]. Therefore, we explored 
the correlation between NCAPG2 expression 
and CAFs in HCC using the TIMER 2.0 website 
(Figure 7E), which showed that NCAPG2 ex- 
pression was positively correlated with CAFs.

The above results suggested that NCAPG2 
expression may affect immune therapy. Six 
immune subtypes based on TCGA immunoge-
nomic analysis can be used to characterize  
heterogeneous tumors, which may benefit 
immune therapy and have prognostic implica-
tions for cancer management [29]. We found 
that NCAPG2 expression was associated with 
the six immune subtypes (Figure 7F). In addi-
tion, the expression of immune checkpoint  
molecules on immune cells inhibits their func-

Figure 4. Knockdown of NCAPG2 represses cell proliferation and colony formation in HCC cells. A. NCAPG2 mRNA 
levels were detected after si-RNA transfection. B, C. CCK8 assays revealed that NCAPG2 knockdown attenuated 
the growth of both HepG2 and Huh7 cells up to 96 h compared to that of the si-NC group. D, E. Colony formation 
assays were performed to determine the proliferation ability of si-NCAPG2-transfected HepG2 and Huh7 cells. F, G. 
Transwell assays were performed to investigate changes in the migration abilities of si-NCAPG2-transfected HepG2 
and Huh7 cells. Scale bar = 100 μm. **P < 0.01 and ****P < 0.0001.
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tion and mediates tumor immune escape. In 
the present study, the expression levels of im- 
mune checkpoint molecules, including CD274, 
CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, 
TIGIT, and SIGLEC15, were upregulated in 
tumor tissues with high NCAPG2 expression 
compared with those in tumor tissues with low 

NCAPG2 expression (Figure 7G), suggesting 
that NCAPG2 is positively correlated with 
immune checkpoint molecules and promotes 
immune escape of HCC tumor cells. We also 
predicted the responsiveness of NCAPG2 gene 
expression to ICIs using the TIDE algorithm 
[34]. The TIDE score was higher in the high 

Figure 5. NCAPG2 silencing reverses the effects of brachyury overexpression on HCC cells. Empty vector (ev) plas-
mid, brachyury overexpression (oe) plasmid, si-NC, and si-NCAPG2 were cotransfected into HCC cells. A, B. CCK8 
assays revealed that brachyury overexpression increased the growth of both HepG2 and Huh7 cells up to 96 h 
compared to that in the control group. Cotransfection of the brachyury-oe plasmid and si-NCAPG2 suppressed 
the alteration of cell viability. C, D. Colony formation assays were performed to determine the proliferation ability 
of HepG2 and Huh7 cells after cotransfection of the brachyury-oe plasmid and si-NCAPG2. E, F. Transwell assays 
were performed to investigate changes in the migration abilities of HepG2 and Huh7 cells after cotransfection of 
the brachyury-oe plasmid and si-NCAPG2. Scale bar = 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P 
< 0.0001.
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Figure 6. NCAPG2 is significantly upregulated in HCC patients and affects their prognosis. (A) NCAPG2 expression in 
tumor and normal tissues in TCGA and GTEx data. (B-D) NCAPG2 mRNA levels in the GSE62232, GSE101685, and 
GSE112790 datasets from the GEO database. (E-H) NCAPG2 expression was correlated with T stage (E), pathologi-
cal stage (F), histological grade (G), and HBV infection (H). (I-K) According to the KM survival analysis, HCC patients 
with high NCAPG2 expression (high group) had significantly shorter OS (I), PFS (J), and DFS (K) than those in the low 
NCAPG2 expression group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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NCAPG2 expression group than that in the low 
NCAPG2 expression group (Figure 7H), sug-
gesting that immune checkpoint blockade  
(ICB) is less effective in the high NCAPG2 
expression group.

NCAPG2 methylation, the stemness index, and 
pathway enrichment analysis results are corre-
lated with NCAPG2 expression in HCC patients

DNA methylation is a common epigenetic 
mechanism affecting tumorigenesis and devel-
opment. Therefore, we investigated the rela-
tionship between DNA methylation levels of 
NCAPG2 and the prognosis of patients using 
the MethSurv tool. A high methylation level  
of two CpG sites, namely, cg11951909 and 
cg05703659, was correlated with significantly 
longer OS (P < 0.05) (Figure 8A).

Because tumor stemness is thought to be 
responsible for tumor growth, maintenance, 
metastasis, and recurrence, we assessed the 
tumor stemness score using the OCLR algo-
rithm and analyzed the correlation between 
NCAPG2 expression and stemness scores in 
HCC patients. Compared to normal tissues,  
the tumor stemness score was significantly 
increased in both the high and low NCAPG2 
expression groups, and NCAPG2 overexpres-
sion resulted in a significantly increased tumor 
stemness score (Figure 8B).

To elucidate the potential signaling pathways 
including NCAPG2, we evaluated the correla-
tion between NCAPG2 and pathway scores in 
HCC patients in TCGA using GSEA. NCAPG2 
expression was positively correlated with the 
tumor proliferation signature, DNA repair, G2M 
checkpoint, PI3K-AKT-mTOR pathway, MYC tar-
get, and DNA replication scores (Figure 8C), 
suggesting that the mechanisms of NCAPG2 
that affect HCC progression occur through 
these signaling pathways.

Discussion

Effect of brachyury on the oncogenic proper-
ties of HCC

Brachyury, which was the first identified T-box 
family member, is aberrantly expressed in vari-
ous solid tumors and is associated with tumor 
aggressiveness and a poor prognosis [35]. In 
particular, brachyury mRNA has previously 
been shown to be overexpressed in lung can- 
cer tissues and correlated with a poor progno-
sis for both 5-year DFS and OS in primary lung 
carcinoma patients [12, 36]. Brachyury also 
promotes lung cancer tumor cell proliferation 
and invasion but inhibits lung cancer cell apop-
tosis [37, 38]. In addition, brachyury is overex-
pressed in prostate [39], colorectal [40], and 
oral cancer [41]. Interestingly, brachyury was 
reported to be significantly downregulated in 
glioma tissues [42]. Loss of brachyury is corre-
lated with tumor aggressiveness and poor sur-
vival in glioma patients [42].

Brachyury expression is upregulated in HCC 
[16], and high brachyury expression levels are 
correlated with tumor size, intrahepatic inva-
sion, and distance metastasis [16]. Moreover, 
brachyury overexpression contributes to tumor 
metastasis by inducing EMT in HCC [16]. In the 
present study, we showed that brachyury 
knockdown inhibited cell proliferation in vitro 
and in vivo. We also explored the function of 
brachyury during HCC migration by examining 
the migration ability of HepG2 and Huh7 cells 
using a Transwell assay. Brachyury-deficient 
cells had slower migration rates, suggesting 
that brachyury plays a role in HCC metastasis 
and is a tumor promotor of HCC.

Brachyury directly binds to the NCAPG2 pro-
moter region and affects the malignancy of 
HCC

To explore the potential mechanism of brachy-
ury, we reanalyzed the DNA regions that bra- 

Figure 7. Immune cell infiltration and immune checkpoint molecules are correlated with NCAPG2 expression in 
HCC patients. (A) Correlation between immune cell infiltration and NCAPG2 expression in HCC patients. (B) Cor-
relation between NCAPG2 expression and macrophage M2 polarization according to quanTIseq algorithms. (C, D) 
Correlation between NCAPG2 expression and M2-like macrophage markers, including CD163 (C) and TGFB1 (D). 
(E) Correlation between NCAPG2 expression and CAFs according to the TIMER 2.0 website. (F) NCAPG2 expression 
in different molecular subtypes, including wound healing (C1), IFN-gamma dominant (C2), inflammatory (C3), lym-
phocyte depleted (C4), immunologically quiet (C5), and TGF-beta dominant (C6). (G) Correlation between NCAPG2 
expression and immune checkpoint molecules, including CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, TIGIT, 
and SIGLEC15. (H) Responsiveness of NCAPG2 expression to ICIs according to the TIDE algorithm. *P < 0.05, **P 
< 0.01, and ***P < 0.001.
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chyury interacts with that were identified in our 
previously published ChIP-seq data [10], and 
we performed qRT-PCR assays to examine 60 
potential target molecules whose expression  
is regulated by brachyury. Notably, we found 
that brachyury silencing led to a significant 
decrease in the NCAPG2 level. Moreover, we 
found that brachyury has two binding regions, 
5’-BTGGGARR-3’ and 5’-YGCCTGW-3, within the 
NCAPG2 promoter. We generated constructs 
containing the NCAPG2 promoter sequence 

that lacked these two motifs and used a dual-
luciferase reporter assay to show that the 
mutated NCAPG2 promoter significantly atten-
uated brachyury-mediated transcriptional acti-
vation of NCAPG2, suggesting that NCAPG2 is  
a direct downstream target of brachyury.

NCAPG2 is part of the chromosome condensin 
II complex, which is critical for chromosome 
condensation and segregation during mitosis 
[18]. Recent studies have found that NCAPG2 

Figure 8. NCAPG2 methylation, the stemness index, and pathway enrichment analysis results are correlated with 
NCAPG2 expression. A. A high methylation level of two CpG sites, cg11951909 and cg05703659, resulted in signifi-
cantly longer OS. B. Correlation between NCAPG2 expression and stemness scores. C. Correlation between NCAPG2 
expression and pathway scores in HCC patients in TCGA according to GSEA. ****P < 0.0001.
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is upregulated in several tumors and is associ-
ated with malignant behaviors of cancer [17, 
40, 43]. In particular, Meng et al. reported that 
NCAPG2 overexpression drives HCC prolifera-
tion and metastasis through activation of the 
STAT3 and NF-κB/miR-188-3p pathways [18]. 
In addition, miR-375 is significantly downregu-
lated but NCAPG2 is upregulated in HCC tis-
sues and cells compared to that in adjacent 
tissues and normal hepatocyte cell lines, 
respectively. Rescue with miR-375 overexpres-
sion significantly repressed HCC cell prolifera-
tion and migration and induced cell apoptosis, 
and NCAPG2 overexpression rescued the bio-
logical abilities in cells with miR-375 overex-
pression, suggesting that miR-375 serves as a 
tumor suppressor via regulating NCAPG2 [19]. 
In the present study, we found that NCAPG2 
silencing repressed cell proliferation and colo-
ny formation, inhibited proliferation and migra-
tion of HCC cells, and attenuated brachyury-
induced tumorigenesis. Based on clinical sam- 
ples from TCGA and the GEO databases, we 
verified that NCAPG2 is overexpressed in HCC 
tissues. Moreover, an elevated expression level 
of NCAPG2 was significantly correlated with 
cancer stage and HBV infection. NCAPG2 over-
expression and decreased DNA methylation of 
NCAPG2 were associated with a poor progno-
sis. In addition, NCAPG2 was positively corre-
lated with tumor stemness. Pathway enrich-
ment analysis indicated that NCAPG2 expre- 
ssion was positively correlated with the tumor 
proliferation signature, DNA repair, G2M check-
point, PI3K-AKT-mTOR pathway, MYC target, 
and DNA replication scores, suggesting that 
these pathways are closely related to HCC pro-
gression. Taken together, these results sug-
gested that brachyury directly binds to the 
NCAPG2 promoter region and affects the ma- 
lignancy of HCC.

NCAPG2 influences HCC progression by affect-
ing the TME

The TME, which specifically refers to the local 
environment where tumors occur and develop 
[44], is composed of immune components,  
vascular components, stromal cells, and the 
extracellular matrix [44]. The TME plays various 
roles in HCC development, progression, and 
recurrence after multiple therapies [45]. To 
determine the function of NCAPG2 in HCC, we 
explored the correlations of immune cell infil-

tration, CAFs, and immune checkpoint mole-
cules with NCAPG2 expression. NCAPG2 was 
positively correlated with various immune cell 
infiltrates, such as B cells, CD4+ T-cells, neutro-
phils, macrophages, and DCs. In particular, 
NCAPG2 expression was positively correlated 
with macrophage M2 polarization and M2-like 
macrophage marker genes. We also explored 
the correlation between NCAPG2 expression 
and CAFs, as a major component of the TME, 
and demonstrated that NCAPG2 expression 
was positively correlated with CAFs.

The expression of immune checkpoint mole-
cules on immune cells inhibits the function of 
these cells and mediates tumor immune 
escape. In addition, ICIs have demonstrated 
significant survival benefits in HCC patients.  
As expected, the expression levels of im- 
mune checkpoint molecules, including CD274, 
CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, 
TIGIT, and SIGLEC15, were upregulated in 
tumor tissues with high NCAPG2 expression. 
Moreover, we also predicted the responsive-
ness of NCAPG2 gene expression to ICIs using 
the TIDE algorithm and demonstrated that ICB 
was less effective in the high NCAPG2 expres-
sion group.

Conclusions

The present study showed that brachyury pro-
motes NCAPG2-mediated proliferation and 
migration during HCC progression. We also 
found that NCAPG2 overexpression and re- 
duced DNA methylation of NCAPG2 were asso-
ciated with a poor prognosis. NCAPG2 was 
positively correlated with various immune cell 
infiltrates, CAFs, and immune checkpoint mol-
ecule expression levels in the TME. Moreover, 
ICB was less effective in the high NCAPG2 
expression group. These findings provide a 
potential novel target for the diagnosis and 
treatment of HCC. 
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Figure S1. (A) Immunostaining of brachyury in HCC and paired adjacent normal tissues. (B) Quantification of (A). 
***P < 0.001. Scale bar = 100 μm.

Figure S2. (A) Immunostaining of brachyury in sh-NC and sh-brachyury tumor tissues. (B) Quantification of (A). ***P 
< 0.001. Scale bar = 50 μm.


