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Non-SMC Condensin I Complex, Subunit G (NCAPG) is a Novel Mitotic Gene 
Required for Hepatocellular Cancer Cell Proliferation and Migration
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Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related deaths worldwide. Currently, 
only chemoembolization and sorafenib have shown survival benefits for advanced HCC. There are major 
unmet needs in HCC management and the discovery of new therapeutic targets. Here we identified NCAPG 
(non-SMC condensin I complex, subunit G) as a novel mitotic gene required for HCC cell proliferation 
and migration through siRNA knockdown of a panel of novel overexpressed genes in HCC based on The 
Cancer Genome Atlas (TCGA) dataset. We found that knockdown of NCAPG induces HCC cell mitosis 
and inhibits cell growth, proliferation, and migration in vitro. Tetracycline-inducible shRNA knockdown of 
NCAPG inhibits tumor growth of HCC cells in vivo. Moreover, overexpression of NCAPG in clinical HCC 
samples was associated with recurrence and survival of patients. The overexpression of NCAPG was signifi-
cantly correlated with the overexpression of CCNB1 (G2/mitotic-specific cyclin B1), a regulatory protein 
involved in mitosis. Therefore, NCAPG may provide a promising novel therapeutic target for the treatment 
of advanced HCC in the future.
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INTRODUCTION

Hepatocellular carcinoma (HCC) represents approxi-
mately 90% of all cases of primary liver cancer1. It is the 
second leading cause of cancer-related deaths worldwide 
and has an incidence of approximately 850,000 new cases 
per year, with China alone accounting for about 50% of 
the total number of cases and deaths2,3. The main risk fac-
tors for HCC include hepatitis B and C virus infection, 
alcohol intake, aflatoxin B1, and nonalcoholic steato-
hepatitis. However, the molecular mechanisms underly-
ing hepatocarcinogenesis are not well characterized4. The 
current management of HCC patients includes surgical 
resection, liver transplantation, radiofrequency ablation, 
transcatheter arterial chemoembolization (TACE), or 
sorafenib5. The median overall survival (OS) of patients 
who are diagnosed with HCC is less than 1 year due to the 
absence of effective treatments1–3. There are major unmet 
needs in HCC management that might be addressed 
through the discovery of new therapeutic targets6.

To identify molecular biomarkers and disease sub-
groups, as well as to analyze cancer-related genes and 
pathways, more than 300 human liver HCC (LIHC) sam-
ples have been sequenced by The Cancer Genome Atlas 
(TCGA) project. We systematically evaluated the TCGA 

whole-transcriptome sequencing data of HCC by compar-
ing the global gene expression profiles between tumors 
and their corresponding nontumor liver tissues (https://
gdc-portal.nci.nih.gov/). Based on the differential gene 
expression analysis, we selected a number of novel over-
expressed genes that have never been reported in HCC. 
We used RNA interference (RNAi)7 to knock down the 
gene expression and examined the cell growth and mito-
sis. Here we reported that non-SMC condensin I complex 
subunit G (NCAPG)8 is a novel mitotic gene required for 
liver cancer cell proliferation and migration. NCAPG 
in cancers has been less well studied, but it is overex-
pressed in melanomas9 and gliomas10 and downregulated 
in out-of-niche primary tumor cells from multiple myelo-
mas and acute myeloid leukemias10,11. In this study, we 
demonstrated that NCAPG was significantly associated 
with recurrence and survival of HCC patients, indicating 
that NCAPG may be a promising novel target for treating 
HCC in the future.

MATERIALS AND METHODS

Cell Culture and Tissues

The HuH7 cells were bought from the Japanese 
Collection of Research Bioresources (JCRB) Cell Bank 
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(Osaka, Japan). The HCCLM3 cell line was obtained  
from the Liver Cancer Institute (Zhongshan Hospital, 
Fudan University, Shanghai, P.R. China) and has been 
described previously12. The cells were cultured in Dul
becco’s modified Eagle’s medium (DMEM) containing 
10% fetal bovine serum with streptomycin (100 μg/ml) 
and penicillin (100 U/ml). Tumor tissues and adjacent 
normal tissues were collected in Affiliated Zhongda 
Hospital of Southeast University. None of the patients 
had received chemotherapy before surgical resection. 
The protocol was approved by the Affiliated Zhongda 
Hospital of Southeast University. Written informed con-
sent was obtained from each participant.

Quantitative Real-Time Polymerase Chain  
Reaction (qRT-PCR)

Total RNA from siRNA-transfected HCC cells and  
tissue samples was isolated using TRIzol (Takara, Japan). 
The EXPRESS One-Step SuperScript qRT-PCR Kit was 
used for PCR amplification for the quantification of 
NCAPG and HPRT1. The following primers were used: 
NCAPG, ggctgctgtcgattaaggag (forward) and ttatcatccat​
cgtgcggta (reverse); HPRT1, tgacactggcaaaacaatgca (for-
ward) and ggtccttttcaccagcaagct (reverse). HPRT1 was 
used as internal control of NCAPG. The relative expres-
sion was measured by the 2−DCT method.

Cell Viability Assay

The HuH7 and HCCLM3 cells were seeded in a 96-well 
plate and transfected with siScramble or siNCAPG-1 
and siNCAPG-2 (Sigma-Aldrich, St. Louis, MO, USA). 
Seventy-two hours after transfection, the cell viability 
was assessed by the MTS [3-(4,5-dimethylthiazol-2-yl)- 
5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H- 
tetra zolium] assay using the CellTiter 96 AQueous 
One Solution Cell Proliferation Assay kit from Promega 
(Madison, WI, USA) following the manufacturer’s instruc-
tions. Each experiment was repeated three times.

Soft Agar Colony Assay

The HuH7 and HCCLM3 cells were seeded in 24-well 
plates and transfected with siScramble or siNCAPG-1 
and siNCAPG-2 (Sigma-Aldrich). Twenty-four hours 
after transfection, the transfected cells were collected 
and mixed with tissue culture medium containing 0.6% 
low-melting-point agarose (Sigma-Aldrich), resulting in 
a final agar concentration of 0.3%. Then 500 μl of the cell 
suspension (800 cells) was immediately plated in 24-well 
plates coated with 500 μl of 0.6% agar in tissue culture 
medium and cultured at 37°C with 5% CO2. The plates 
were kept in the incubator, and the number of colonies 
formed was counted under an inverted light microscope 
(40´ objective) after 2–3 weeks. The assay was analyzed 
in duplicate in three independent experiments.

Immunofluorescence Analysis of the Mitosis Marker

The HCC cells were seeded in the BD Falcon™ eight-
well CultureSlide and transfected with 50 nM siScramble 
or siNCAPG-1 and siNCAPG-2. Cells were fixed and 
incubated with primary antibodies, phospho-Histone H3  
(Ser10; Cell Signaling Technology, Danvers, MA, USA), 
or isotype control and then incubated with Alexa Fluor® 
488 goat anti-rabbit IgG (Invitrogen, Carlsbad, CA, 
USA). The culture slides were imaged with a confocal 
laser-scanning microscope (Carl Zeiss, Oberkochen, Ger
many). Data were processed with Adobe Photoshop 7.0 
software for analysis.

Transwell Migration Assay

Cell migration was detected using 24-well Transwell 
chambers without Matrigel matrix (8-μm pore size; BD 
Biosciences, San Jose, CA, USA). In brief, 600 μl of culture 
medium was added to the bottom chamber, and siRNA- 
transfected HCC cells (1 ́  105 cells) were suspended in 
serum-free medium in the upper chamber. After 36 h, the 
cells on the top surface of the membrane were mechani-
cally removed using a cotton swab, and the cells on the 
bottom surface of the membrane were fixed in ethanol and 
stained with crystal violet solution. The migrated cells were 
counted in five randomly selected areas under a 40´ micro-
scope field. Each experiment was repeated three times.

Western Blot

Following siRNA transfection, 20 mg of protein lysates 
per sample was separated by SDS-PAGE gel (10%–12%). 
Proteins were then transferred to PVDF membranes (Bio-
Rad, Hercules, CA, USA). After blocking in 10% milk for 
30 min, the blots were incubated with NCAPG primary 
antibody and GAPDH (Sigma-Aldrich), and the secondary 
antibody (Sigma-Aldrich). GAPDH was used as internal 
control. Detection of interested bands was through West 
Pico ECL Reagents (Pierce, Rockford, IL, USA). ImageJ 
software was applied to quantify the bands.

Immunohistochemistry (IHC)

The paraffin-embedded HCC tissue samples were cut 
in 5-μm sections and placed on polylysine-coated slides, 
deparaffinized in xylene, and rehydrated using a series of 
graded alcohols. Antigen retrieval was performed by heat 
mediation in citrate buffer (pH 6; Dako, Carpinteria, CA, 
USA). Samples were blocked with 10% goat serum before 
incubating with primary antibody NCAPG (Sigma-Aldrich) 
in a humidified container at 4°C. Immunohistochemical 
staining was performed with the Dako Envision Plus System 
(Dako) according to the manufacturer’s instructions.

Tumor Xenograft Assay

The BALB/c nude mice (male, 5 weeks old, 18–20 g 
weight) were provided by the Animal Center of Affiliated 
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Zhongda Hospital of Southeast University (Nanjing, P.R. 
China). The stable HuH7 and HCCLM3 cells, expressing 
the tetracycline-inducible NCAPG shRNA (sequence: 
CCGGGCTATGCAGAAGCATCTTCTTCTCGAGAA 
GAAGATGCTTCTGCATAGCTTTTTTG), were inocu-
lated subcutaneously into the flanks of mice. Palpable 
tumors started to appear in 2 weeks. The size of the 
tumors was measured weekly by a caliper, and tumor vol-
ume was calculated according to the formula V = ab2/2. 
All animal procedures were performed according to the 
IACUC of all the authors’ institutions.

Statistical Analysis

The results were presented as mean ± standard devia-
tion from triplicate experiments repeated three separate 
times and analyzed with SPSS software (version 22.0; 
SPSS Inc., Chicago, IL, USA) unless otherwise indi-
cated. The significance of the differences was deter-
mined by one-way analysis of variance among multiple 
groups, and a value of p < 0.05 was considered statisti-
cally significant.

RESULTS

Knockdown of NCAPG Inhibits Liver Cancer Cell 
Growth and Proliferation

To investigate the role of NCAPG in HCC, we trans-
fected two HCC cell lines with siScramble, siNCAPG-1, 
and siNCAPG-2 to knock down the NCAPG expres-
sion. The qRT-PCR analysis showed that the expression 
of NCAPG was significantly decreased in both HCC 
cell lines by siNCAPG-1 or siNCAPG-2 (Fig. 1A). The 
knockdown effects of siNCAPG were further validated 
by Western blotting analysis (Fig. 1B). The cell growth 
was dramatically reduced by knockdown of NCAPG in 
HuH7 and HCCLM3 cells (p < 0.05) (Fig. 1C and D). 
Knockdown of NCAPG also significantly inhibited the 
colony formation ability of HuH7 and HCCLM3 in soft 
agar, suggesting that NCAPG inhibits cellular anchorage-
independent growth of HCC cells in vitro (Fig. 1E and F). 
Thus, these data revealed that knockdown of NCAPG 
inhibits HCC cell growth and proliferation.

Knockdown of NCAPG Induces Mitosis and Inhibits 
Migration In Vitro

Phosphorylation at a highly conserved serine residue 
(Ser-10) in the histone H3 tail is considered to be a crucial 
event for the onset of mitosis, and it has been suggested 
that NCAPG was involved in the mitotic cell cycle. We 
then examined the effect of NCAPG knockdown on HCC 
cell mitosis arrest. Confocal immunofluorescence stud-
ies showed that knockdown of NCAPG significantly 
increased the numbers of positive cells with anti-phospho  
histone H3 (Ser-10) staining (Fig. 2A), suggesting that 

inhibition of NCAPG causes mitotic arrest, which led 
to an increase in mitosis marker, phospho-Histone H3 
(Ser10). To further investigate the role of NCAPG on 
HCC cell migration, we examined whether NCAPG was a 
critical molecule on HCC cell migration by the Transwell 
migration assay. As shown, knockdown of NCAPG sig-
nificantly suppressed the migration rates of HuH7 and 
HCCLM3 cells (Fig. 2B and C). These data indicated 
that knockdown of NCAPG induces mitosis and inhibits 
migration in vitro.

Tetracycline-Inducible shRNA Knockdown of NCAPG 
Inhibits Tumor Growth In Vivo

In order to validate that NCAPG is indeed a signifi-
cant regulator of liver tumor growth in vivo, we studied 
the ability of NCAPG knockdown to inhibit growth of 
HuH7 and HCCLM3 tumor xenografts. We first estab-
lished subcutaneous tumor xenografts in male nude mice 
using shScramble or shNCAPG HCC cells from our 
tetracycline-inducible knockdown model system. Five 
days after inoculation of the tumor cells, doxycycline 
was administered to half the mice. Tumor volume was 
measured once a week for 42 days at which time point 
some of the tumors were nearing 10 mm in diameter, 
necessitating euthanasia according to IACUC guidelines. 
While doxycycline itself had no effect on tumor growth 
in the shScramble mice, a significant reduction in tumor 
growth was observed in doxycycline-treated mice bearing  
shNCAPG tumors (Fig. 3A and B). ELISA analysis of 
lysates prepared from each group of the tumors revealed 
a significant reduction in NCAPG in shNCAPG +Dox 
tumors. Taken together, these results indicate that NCAPG 
is necessary for the growth of HCC tumors in vivo.

Overexpression of NCAPG in Clinical HCC Samples 
Was Associated With Recurrence and Survival

To validate the expression of NCAPG in clinical HCC 
samples, we analyzed 30 pairs of HCC and adjacent nor-
mal tissue samples by qRT-PCR. The results showed that 
the expression of NCAPG was higher in the HCC sam-
ples than in the matched normal tissue samples (Fig. 4A). 
Moreover, we divided the 30 HCC tumor samples into 
two groups according to their recurrence (within 5 years) 
and analyzed the expression of NCAPG in each group. 
The results indicated that the samples from the group of 
recurrence had significantly higher expression of NCAPG 
than those from the nonrecurrence group (Fig. 4B). The 
overexpression of NCAPG in tumor tissue compared to 
that in matched normal tissues was also detected by IHC 
(Fig. 4C). For further analysis about whether expression 
of NCAPG was associated with patients’ survival, we 
separated the 30 HCC samples into high expression of 
NCAPG and low expression of NCAPG groups accord-
ing to the average expression level. The results showed 
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Figure 1.  Knockdown of non-SMC condensin I complex, subunit G (NCAPG) inhibits liver cancer cell growth and proliferation. 
(A) The expression of NCAPG was significantly silenced in both hepatocellular carcinoma (HCC) cell lines by siNCAPG-1 or 
siNCAPG-2 by quantitative real-time polymerase chain reaction (qRT-PCR) analysis. (B) The representative images of Western 
blotting show the knockdown effects of siNCAPG. (C, D) The anchorage-independent growth was dramatically reduced by knock-
down of NCAPG in HuH7 and HCCLM3 cells by MTS assay analysis. (E, F) The representative images and quantification of the 
colony formation ability of HuH7 and HCCLM3 in soft agar show that knockdown of NCAPG significantly inhibits colony forma-
tion. *p < 0.05.
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Figure 2.  Knockdown of NCAPG induces mitosis and inhibits migration in vitro. (A) The representative confocal immunofluores-
cence analysis images show that knockdown of NCAPG increases the phospho-histone H3 (mitotic marker)-positive cell number in 
both HuH7 and HCCLM3 cells with siNCAPG transfection. (B) The representative images of Transwell cell migration show that 
knockdown of NCAPG inhibits migration ability of HCC cells. (C) The number of migrated cells was quantified by plotting them as 
the average number of cells per field of view from three different experiments as described. *p < 0.05.
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that the high expression group had significantly shorter 
OS (Fig. 4D). Moreover, we also examined CCNB1, a 
critical regulatory gene involved in mitosis, in our HCC 
samples. The result showed that CCNB1 is significantly 
overexpressed in tumors compared to matched normal 
tissues. Interestingly, the expression of NCAPG was sig-
nificantly positively correlated with the expression of 
CCNB1. Therefore, overexpression of NCAPG in clini-
cal HCC samples was associated with recurrence and sur-
vival of patients.

DISCUSSION

NCAPG is a subunit of the condensin complex, which 
is responsible for the condensation and stabilization of 
chromosomes during mitosis and meiosis13. NCAPG-
related pathways are cell cycle, mitotic, and cell cycle 

chromosome condensation in prometaphase according  
to gene ontology (GO) analysis11. Previously, RNA-seq 
was performed on tissue samples from 95 human individ
uals representing 27 different tissues in order to determine 
tissue specificity of all protein-coding genes. NCAPG 
has shown to be mainly expressed in the bone marrow, 
lymph node, and testis of normal human tissues. There 
is low expression of NCAPG in normal human liver14. 
Interestingly, NCAPG was significantly overexpressed in 
HCC according to the TCGA dataset, suggesting that it 
may play an important role in the development of HCC. 
However, there are few functional studies of NCAPG in 
cancers. A recent bioinformatics study showed that pro-
teins encoded by differentially expressed genes CDK1, 
BUB1, CDC20, NCAPG, NDC80, CDCA8, MAD2L1, 
CCNB1, CCNA2, and BIRC5 were hub genes with 

Figure 3.  Tetracycline-inducible shRNA knockdown of NCAPG inhibits tumor growth in vivo. (A, B) Tumor volume was measured 
every week, and the growth curve is shown. Mice were injected subcutaneously with either shScramble- or shNCAPG-transfected 
HuH7 (A) and HCCLM3 (B) cells. The experiment was performed using five to six mice per group and was independently repeated 
twice (n = 10–11 mice per group). (C, D) Equal amounts of protein from tumor lysates were subjected to ELISA for the detection of 
NCAPG. For each tumor sample, duplicate measurements were determined, and tumors from four to five mice in each group were 
analyzed. *p < 0.05.
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high degrees in the protein–protein interaction network 
by analyzing the HCC gene expression profile data-
set GSE29721 (10 HCC and 10 control samples)15. In 
gliomas, CENPE, KIF14, and NCAPG levels were sig-
nificantly higher in pediatric high- and low-grade gliomas 
and were shown as the direct targets of miR-137 or miR-

6500-3p. Furthermore, knockdown of CENPE, KIF14, or 
NCAPG combined with temozolomide treatment resulted 
in a combined suppressive effect on pediatric high-grade 
glioma cell proliferation10. To our knowledge, this is the 
first report studying NCAPG expression and its biologi-
cal functions in HCC cells.

Figure 4.  Overexpression of NCAPG in clinical HCC samples was associated with recurrence and survival. (A) The normalized rela-
tive expression of NCAPG in 30 pairs of HCC and adjacent normal samples by RT-qPCR analysis. (B) The normalized relative expres-
sion of NCAPG in 30 pairs of HCC samples with recurrence and nonrecurrence. (C) The representative immunohistochemistry (IHC) 
images show the expression and localization of NCAPG in HCC tissues. (D) The expression of miR-1258 was significantly associated 
with patients’ survival. (E) The normalized relative expression of CCNB1 in 30 pairs of HCC and adjacent normal samples by RT-qPCR 
analysis. (F) The significant correlation between the expression of NCAPG and CCNB1 was observed in our tissue samples.
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The results of this study suggest that NCAPG might 
be an important oncogene of HCC. First, NCAPG is only 
expressed in human liver cancer tissues and HCC cells, 
but not in normal human liver tissues. Second, siRNA-
mediated NCAPG knockdown inhibited cell growth 
and proliferation and induced mitosis of HCC cells. 
Importantly, tetracycline-inducible shRNA knockdown 
of NCAPG inhibits tumor growth in vivo. Together, the 
results of this preclinical study suggest that NCAPG might 
be an important oncogene or oncotarget protein of HCC. 
Moreover, overexpression of NCAPG in clinical HCC 
samples was significantly associated with recurrence 
and survival of patients. The expression of NCAPG was 
significantly positively correlated with the expression of 
CCNB1, a critical regulatory gene involved in mitosis16, 
suggesting the potential interaction between NCAPG and 
CCNB1. A previous study showed that two threonine 
residues in the NCAPG subunit of condensin, threonines 
308 and 332, are targets of cdc2/cyclin B phosphoryla-
tion17. Therefore, our study indicated that NCAPG may 
be a promising therapeutic target for HCC treatment in 
the future. Future studies will be needed to further under-
stand the underlying mechanisms of NCAPG-mediated 
mitosis and NCAPG/CCNB1 interaction.
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