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Purpose: Studies show that high expression of non-SMC condensin I complex subunit G
(NCAPQ) is associated with many tumors. In this study, we explore the mechanism by which
NCAPG promotes proliferation in hepatocellular carcinoma (HCC).

Patients and methods: Liver cancer and paracancerous tissue specimens of 90 HCC
patients were collected, and expression levels of NCAPG in these tissues and cell lines
were evaluated by Western blotting and immunohistochemistry. HCC cells were transfected
with siRNAs and plasmids, and pathway activators or inhibitors were added. The 5-ethynyl-
2'-deoxyuridine (EdU) proliferation assay was used to measure cell proliferation. Flow
cytometry was used to evaluate cell apoptosis. Western blot assays were performed as a
standard procedure to detect total protein expression. Treated HCC cells were subcuta-
neously injected into nude mice.

Results: Analysis using the Oncomine database showed that NCAPG was upregulated in
HCC and immunohistochemistry and Western blot assays showed it was upregulated in both
HCC tissues and HCC cell lines. The overexpression of NCAPG could promote HCC cell
proliferation and reduce HCC cell apoptosis. More importantly, RNA-sequencing analysis
predicted that NCAPG plays a role in the HCC via PI3K-AKT signaling pathway. The PI3K/
AKT/FOX04 pathway was aberrantly activated, and the expressions of apoptosis-related
protein were altered when NCAPG was overexpressed or silenced both in vitro and in vivo.
LY294002, a PI3K inhibitor, could eliminate the NCAPG role of promoting HCC cell
proliferation and reducing HCC cell apoptosis, while 740Y-P, a PI3K activator, contributed
to the opposite effect.

Conclusion: NCAPG functions as an oncogene in HCC and plays a role in promoting cell
proliferation and antiapoptosis through activating the PI3K/AKT/FOXO0O4 pathway.
Keywords: NCAPG, hepatocellular carcinoma, PI3K/AKT, FOXO4, proliferation

Introduction
Hepatocellular carcinoma (HCC) is one of the most common and malignant tumors
worldwide, which has a high degree of malignancy, poor prognosis, and a high
recurrence rate.'” Most patients are diagnosed at advanced stages and miss the
optimal time for surgical treatment.> Although multiple genes and environmental
factors are involved in the pathogenesis and progression of HCC,* its underlying
molecular mechanisms remain unclear. Thus, exploring the mechanisms that pro-
mote HCC growth is critical for early diagnosis and treatment.

Non-SMC condensin I complex subunit G (NCAPG), a mitotic associated

chromosomal condensing protein,” is a polypeptide composed of 1015 amino

submit your manuscript

Dove n

http:

in 3

OncoTargets and Therapy 2019:12 8537-8552 8537
© 2019 Gong et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY _NC /b

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://c g/li y-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).



mailto:wulqnc@163.com; 
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Gong et al

Dove

acids with a relative molecular weight of 114.1 kDa.’
NCAPG is encoded by the NY-MEL-3 gene, which is
located on human chromosome 4p15.32. Studies show
that high expression of NCAPG was associated with
poor prognosis of prostate cancer,® and knockdown of
NCAPG combined with temozolomide treatment resulted
in a combined suppressive effect on advanced pediatric
glioma cell.” Proteins encoded by NCAPG were hub pro-
teins with high degrees in the protein—protein interaction
(PPI) network of HCC.'® Preliminary results of our pre-
vious study found that NCAPG could promote cell prolif-
eration in HCC."' However, its mechanism by which
NCAPG promotes proliferation in HCC remains unknown.

PI3K/AKT signaling is one of the most critical path-
ways for HCC development.'? Dysregulation of this path-
way leads to decreased cell growth and enhanced
apoptosis.'® PI3Ks and AKT are the core of this pathway,
mediating downstream biological effects via various fac-
tors, such as NF-kB, VEGF, and FOXO.'? Forkhead Box
transcription factor O (FOXO) family, consisting of
FOXO1, 03, 04, and 06, regulates many biological pro-
cesses, including oxidative stress, metabolism, immunity,
and apoptosis.'* Investigations have found that PI3K/
AKT/FOXO pathway plays a key role in various solid
tumors, including breast,'”” colorectal, and pancreatic
cancer.'®!” Furthermore, Sheng et al found that oncopro-
tein BCR-ABL suppresses autophagy through PI3K/AKT/
FOXO4 pathway in chronic myeloid leukemia.'® Whether
PIBK/AKT/FOXO0O4 signaling is involved in the cell pro-
liferation promoted by NCAPG in HCC still remains
unclear and deserves further investigation.

In this study, we identified the abnormal upregulation
of NCAPG expression in both HCC tissues and cell lines.
We further confirmed that NCAPG functions as an onco-
gene in HCC and plays a roles in promoting cell prolifera-
tion and antiapoptosis. Moreover, we illuminated the
involvement of NCAPG/PI3K/AKT/FOXO4
pathway in the pathogenesis of HCC for the first time.

signaling

Materials And Methods

Study Population (Tissue Specimens)

In total, 90 HCC patients diagnosed between 2012 and 2017
were enrolled in this study. Each patient had undergone
hepatectomy and did not receive any treatment before sur-
gery, including radiotherapy or chemotherapy. Liver cancer
and paracancerous tissue specimens were immediately col-
lected, placed in liquid nitrogen, and stored at —80°C. This

study was approved by the Ethical Review Committee of
the Second Affiliated Hospital of Nanchang University. The
procedures followed the ethical standards of the responsible
committee on human experimentation (institutional and
national) and with the Helsinki Declaration of 1975, as
revised in 2008. Written informed consent was obtained
from all patients prior to their inclusion.

Cell Culture

The immortalized liver cell line (LO2) and four HCC cell
lines (SMMC7721, MHCC97H, HCCLM3, and Huh-7)
were used in this study, and all were procured from the
Shanghai Institute of Cell Biology (Shanghai, China). All
cell lines were cultured in high-glucose DMEM (Solarbio,
Beijing, China) supplemented with 10% FBS (Biological
Industries, Beit-Haemek, Israel), 100 pg/mL streptomycin
and 100 U/mL penicillin at 37°C, with 5% CO, in a
humidified incubator. Cells in logarithmic growth were
used for all experiments.

Immunohistochemistry (IHC)

IHC was performed as previously described.' Briefly,
paraffin-embedded samples were cut into 4-um sections
on a glass slide. The sections were then deparaffinized,
hydrated, incubated with 0.3% hydrogen peroxide for 15
mins to block endogenous peroxidase, microwave heated
at 100°C for 10 mins in sodium citrate buffer (10 mmol/L,
pH 6.0) for antigen retrieval, and blocked with goat serum.
Sections were then incubated with anti-NCAPG mouse
monoclonal antibody (1:200; ab56382, Abcam, Danvers,
MA, USA) at 4°C overnight, and then washed with PBS
three times for 5 mins each. Sections were then incubated
with secondary biotinylated goat antimouse IgG for 30
mins at 37°C. Diaminobenzidine and hematoxylin were
used to stain the sections, which were subsequently sealed
with neutral resins. Two pathologists blindly and randomly
evaluated and semiquantitatively scored the staining inten-
sity and percentage of positive cells. The previous study
described the methods that we used to grade the staining
intensity and score the percentage stained cells. The over-
all staining index was calculated by multiplying the grades
and scores to reach a value from 0 to 9, which was finally
designated as: 0—1, NCAPG nonoverexpression and 2-9,
NCAPG overexpression.

Transfection
NCAPG siRNA, FOX04 siRNA, and negative control (NC)
siRNA were purchased from GenePharma (Shanghai, China).
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The NCAPG overexpression plasmid was purchased from
GeneChem (Shanghai, China). HCC-LM3 and Huh-7 cells
were used for siRNA studies, and SMMC7721 and
MHCC97H cells were used for NCAPG overexpression stu-
dies. Lipofectamine 3000 (Invitrogen Life Technologies,
Carlsbad, CA, USA) was used to transiently transfect cells
with siRNAs and plasmids. Two different siRNA sequences
were used to silence NCAPG: NCAPG sl sense: 5'-
GGAGUUCAUUCAUUACCUUTT-3" and antisense: 5'-
AAGGUAAUGAAUGAACUCCTT-3"; NCAPG s2 sense:
5-GCUGAAACAUUGCAGAAAUTT-3' and antisense: 5'-
AUUUCUGCAAUGUUUCAGCTT-3". Three different
siRNA sequences were used to silence FOXO4:
FOXO04 sl sense: 5-CGCGAUCAUAGACCUAGAUTT-3’
and antisense: 5-AUCUAGGUCUAUGAUCGCGTT-3;
FOXO04 s2 sense: 5'-CAGCUUCAGUCAGCAGUUATT-3’
and antisense: 5'-UAACUGCUGACUGAAGCUGTT-3'; and
FOXO04 s3 sense: 5-GUGACAUGGAUAACAUCAUTT-3'
5-AUGAUGUUAUCCAUGUCACTT-3".
Cells were seeded in 6-well plates, transfected for 48 hrs,
and then harvested for further assays. LY294002 and 740Y-P
were obtained from MedChemExpress (Monmouth Junction,
NJ, USA). Unless otherwise stated, LY294002 and 740Y-P
were used at the final concentrations of 25 and 10 pM,

and antisense:

respectively. Cells were treated with drug(s) for 24 hrs prior
to proliferation, apoptosis, or Western blot analysis.

Western Blotting

Western blot assays were performed as a standard pro-
cedure to detect total protein expression in tissues and
cells after 48-hr transfection. Tissues and cells were
lysed in RIPA buffer with 1% phenylmethanesulfonyl
fluoride; extracted proteins were separated by 10% SDS-
PAGE and transferred onto polyvinylidene fluoride
(PVDF) membranes. Then, the membranes were incu-
bated with primary antibody at 4°C overnight. Tris-HCI
solution + Tween-20 (TBST) was used to wash the
membranes three times for 10 mins. Subsequently, they
were incubated with horseradish peroxidase-conjugated
secondary antibody for 1 hr at room temperature.
Finally, the blots were detected with enhanced chemilu-
minescence, and band intensities were measured with
Quantity-One software (Bio-Rad, Hercules, CA, USA).
Mouse anti-NCAPG and -GAPDH, rabbit anti-PI3K,
-AKT, -FOXO04, -p-FOXO04, -Bcl-2, and -Bax were pur-
chased from Abcam (Cambridge, UK). Rabbit anti-p-
PI3K was
China). Rabbit anticleaved caspase-3 was purchased

purchased from Wanleibio (Shenyang,

from Proteintech (Wuhan, China). Rabbit anti-p-AKT
(S473) was purchased from Cell Signaling Technology.

Cell Proliferation Analysis

The 5-ethynyl-2'-deoxyuridine (EdU) proliferation assay
was used to measure cell proliferation. We added 0.1 mL
of 50 uM EdU (RiboBio Biotechnology, Guangzhou,
China) into each well of 500 mL medium for 2 hrs.
Then, cells were fixed with 4% polyformaldehyde in
PBS at room temperature for 30 mins and subsequently
incubated with Apollo staining solution and Hoechst
33342 for 30 mins. Fluorescence microscopy was per-
formed in five randomly selected fields with an Olympus
(Tokyo, Japan) microscope to analyze proliferation rates.
Blue, Hoechst 33342 staining of nuclei with all cells; red,
Apollo staining of EAU with proliferating cells; overlay,
the percentage of proliferating cells. The stained cells were
examined with a fluorescence microscope and photo-
graphed with camera. Image J was used to count the
number of all cells and proliferating cells.

The Cell Counting Kit-8 (CCK-8) assay was also used
to measure cell proliferation. The HCC cells were seeded
into 96-well plates at a density of 1x10* cells/well and
incubated for 24 hrs at 37°C in 5% CO,. After 0, 1, 2, 3,
and 4 days of cultivation, 10 pL CCK-8 reagent (CCK-8;
Dojindo Laboratories, Kumamoto, Japan) were added to
each well followed by cultured for 2 hrs at 37°C in 5%
CO,. The absorbance at 450 nm was measured using a
microplate reader (Bio-Rad, Berkeley, CA, USA).

Apoptosis Analysis

Cells were stained with Annexin V-FITC and propidium
iodide (BD Biosciences, Franklin Lakes, NJ, USA) to
evaluate apoptosis by flow cytometry. Briefly, 1x10°
cells were washed twice with PBS and stained with 5 pL
Annexin V-FITC and 5 pL propidium iodide solution in
1% binding buffer for 15 mins at room temperature in the
dark. Then, an additional 400 pL of 1x binding buffer was
added to the cell suspension. Finally, apoptosis rates were
determined by flow cytometry (BD Biosciences).

Cell Migration Assays
Cell migration was evaluated using Transwell inserts. The
specific steps were performed as previously described.'!

In Vivo Proliferation Assays
For in vivo proliferation assays, 1x107 cells in 100 pL
PBS were subcutaneously injected into the flanks of male
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BALB/c-nu/nu mice (6—8 weeks old; n=6 per group)
(Hunan SJA Laboratory Animal Co., Ltd., Hunan,
China). Mice were sacrificed after 6 weeks, and tumor
volumes were measured. All animal work was approved
by the Ethics Committee for Animal Experiments of the
Second Affiliated Hospital of Nanchang University and
was performed in accordance with the guidelines by the
UK Animals (Scientific Procedures) Act, 1986, and EU
Directive 2010/63/EU.

Oncomine Data Analysis
Oncomine (http://www.oncomine.com) is an integrated

cancer microarray database that contains unified bioinfor-
matics resources from 715 datasets (version 4.4.4.3 after
Q2 update 2013)."” We compared the mRNA expression
of NCAPG from liver cancer datasets that contain data
from both HCC tissues and normal liver tissues. Three
datasets were included in our study: Wurmbach et al*
and Roessler et al (including Roessler Liver 1 and 2
datasets).”! The differential expression of NCAPG
between HCC and normal liver tissues was analyzed by
Unpaired #-test. According to the dataset Guichard Liver,**
which contains >90 patients, we also assessed the relation-
ship between NCAPG expression and overall survival by

the log-rank (Mantel-Cox) test.

RNA-Sequencing (RNA-Seq) Analysis

RNA of HCC-LM3 cells with NCAPG knockdown siRNA
or NCAPG overexpression was extracted for RNA-Seq
analysis. RNA degradation and contamination were mon-
itored on 1% agarose gels. RNA purity was checked using
the NanoPhotometer®spectrophotometer (IMPLEN, CA,
USA). RNA concentration was measured using Qubit®
RNA Assay Kit in Qubit®2.0 Fluorometer (Life
Technologies). RNA integrity was assessed using the
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 sys-
tem (Agilent Technologies, CA, USA). A total amount of
3 nug RNA per sample was used as input material for the
RNA sample preparations. Sequencing libraries were gen-
erated using NEBNext®™ UltraTM RNA Library Prep Kit
for Illumina® (NEB, USA) following the manufacturer’s
recommendations and index codes were added to attribute
sequences to each sample. The clustering of the index-
coded
Generation System using TruSeq PE Cluster Kit v3-cBot-

samples was performed on a cBot Cluster

HS (Illumia) according to the manufacturer’s instructions.
After cluster generation, the library preparations were
sequenced on an Illumina Hiseq platform and 125 bp/150

bp paired-end reads were generated. Reference genome
and gene model annotation files were downloaded from
the genome website directly. Index of the reference gen-
ome was built using Hisat2 v2.0.5 and paired-end clean
reads were aligned to the reference genome using Hisat2
v2.0.5. FeatureCounts v1.5.0-p3 was used to count the
reads numbers mapped to each gene. And then, FPKM
of each gene was calculated based on the length of the
gene and reads count mapped to this gene. Differential
expression analysis of two conditions was performed using
the DESeq2 R package (1.16.1). KEGG is a database
resource for understanding high-level functions and utili-
ties of the biological system, such as the cell, the organ-
ism, and the ecosystem, from molecular-level information,
especially large-scale molecular datasets generated by gen-
ome sequencing and other high-throughput experimental
technologies. We used clusterProfiler R package to test the
statistical enrichment of differential expression genes in
KEGG pathways.

Statistical Analysis

All statistical analyses were performed with SPSS 17.0
(IBM, Armonk, NY, USA). Kaplan—Meier plots and log-
rank tests were used for survival analyses. Differences
between groups were analyzed by Student’s #-test for two
groups and one-way ANOVA for more than two groups.
Data are presented as mean + SD of at least three inde-
pendent experiments. P values <0.05 were considered sta-
tistically significant.

Results
NCAPG Was Overexpressed In HCC
Tissues And Cell Lines And Was

Associated With Poor Prognoses
To assess the relationship between NCAPG and HCC, we
first analyzed three microarray datasets from the
Oncomine database. The results showed that NCAPG
was significantly overexpressed in the majority of HCC
tissues compared with adjacent non-neoplastic controls
(Figure 1A). The median rank of NCAPG among upregu-
lated genes in HCC was 179.0, based on a meta-analysis
across three datasets using the Oncomine algorithms®
(563 samples, P=8.68E—65; Figure 1B). The result pro-
vided a clue that NCAPG was overexpressed in transcrip-
tional level in HCC.

To identify whether NCAPG is overexpressed in trans-
lational level in HCC, we next detected NCAPG protein
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levels in 90 paired primary HCC tissues and the corre- addition, NCAPG protein levels were assayed by IHC in
sponding adjacent normal tissues by Western blot. The the same 90 pairs of HCC and the corresponding nontumor
results showed that NCAPG was significantly overex- tissues. Consistently, the results demonstrated the higher
pressed in 83/90 (92.2%) primary liver cancer tissues expression of NCAPG in 85/90 (94.4%) HCC tissues
compared with adjacent nontumor tissues (Figure 1C). In  compared with their nontumor tissues (Figure 1D).
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Figure | NCAPG was overexpressed in HCC tissues.

Notes: (A) Representative image showed that NCAPG mRNA was overexpressed in HCC tissues compared with adjacent non-neoplastic controls three selected datasets
from Oncomine database (Dataset |, Wurmbach Liver; Dataset 2, Roessler Liver |; Dataset 3, Roessler Liver 2, ****P<0.0001, independent Student’s t-test). (B) Cell color
and the number above the cell in the lower panel indicate the best gene rank percentile for the analysis. Red, upregulated; blue, downregulated. (C) Western blot analysis of
NCAPG in HCC tissues (T, tumor; NT, nontumor). (D) Immunohistochemical staining of NCAPG protein expression in 90 HCCs and their corresponding nontumor
tissues. Representative cases (a/b/c) were shown (200x). The values indicate the mean #* SD of three independent experiments (**P<0.01, independent Student’s t-test).
Abbreviations: NCAPG, non-SMC condensin | complex subunit G; HCC, hepatocellular carcinoma.
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NCAPG expression was upregulated in both transcrip-
tional and translational levels in HCC tissues, which may
hint its involvement in the pathogenesis of HCC. And
DisGenET that
NCAPG plays a more important role in liver carcinoma

enrichment analysis demonstrated
than in other diseases (Figure 2A).

To assess the relationship between NCAPG expression and
overall survival in HCC, we analyzed one microarray dataset
(Guichard Liver) from the Oncomine database, and the results
showed that NCAPG expression was associated with a poor

overall survival (Figure 2B), similar to our previous study."!

NCAPG Promoted HCC Proliferation In

Vitro And In Vivo
We further verified the expression of NCAPG in four
HCC cell lines and one immortalized liver cell line by
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Western blot. Consistent with clinical HCC specimen,
the results showed that NCAPG was upregulated in the
four HCC cell lines compared with the immortalized
liver cell line LO2 (Figure 2C). To explore the role of
NCAPG in HCC proliferation, NCAPG was overex-
pressed in SMMC-7721 and MHCC-97H cells and
silenced in HCC-LM3 and Huh-7 cells using two dis-
tinct siRNA duplexes. NCAPG expression was evalu-
ated by Western blot (Figure 2D and E). EdU
proliferation assays and CCK-8 assay showed that pro-
liferation was significantly increased in NCAPG-over-
expressing SMMC-7721 and MHCC-97H
their corresponding control
(Figure 3A, B, E, and F). Conversely, proliferation

cells
compared with cells
was significantly decreased in siNCAPG-transfected
HCC-LM3 and Huh-7 cells (Figure 3C, D, G, and H).
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Figure 2 NCAPG plays a more important role in liver carcinoma than in other diseases and was associated with a poor overall survival.

Notes: (A) DisGeNET Enrichment analysis of differentially expressed genes when NCAPG was overexpressed in HCC-LM3 cells. GeneRatio: ratio of the number of
differential genes enriched in a certain disease to the total number of differential genes. (B) Kaplan-Meier overall survival curve of two HCC groups: low NCAPG and high
NCAPG controls one selected datasets from the Oncomine database (Guichard Liver). (C) Western blot analysis was used to detect expressions of NCAPG in one
immortalized liver cell line (LO2) and four HCC cell lines. (D) Western blot analysis was used to verify the effect of NCAPG overexpression. (E) Western blot analysis was

used to verify the effect of NCAPG knockdown with siRNAs.

Abbreviations: NCAPG, non-SMC condensin | complex subunit G; HCC, hepatocellular carcinoma.
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We next examined the effects of altering NCAPG
expression on proliferation in vivo. Tumor formation was
observed in 6/6 and 6/6 mice injected with SMMC-7721-
Vector and SMMC-7721-NCAPG cells, respectively, and
the average tumor volumes of SMMC-7721-NCAPG cells
was significantly larger than tumors induced by control
cells. Conversely, tumor formation was observed in 6/6, 6/
6, and 6/6 mice injected with Huh7-siRNA-control, Huh7-
siRNA-S1, and Huh7-siRNA-S2, respectively. Moreover,
the average volume of tumors induced by Huh7-siRNA-S1
and Huh7-siRNA-S2 cells was significantly reduced com-
pared with controls (P<0.05; Figure 3I). Taken together,
these data indicated that NCAPG promoted HCC cell
proliferation.

NCAPG Reduced Apoptosis In HCC

Cells
To explore the role of NCAPG in HCC apoptosis, the
detection of apoptosis-related proteins, including Bcl-2,
Bax, and cleaved caspase-3, in NCAPG-overexpressing
and silencing HCC cells were performed. Western blot
analysis showed that Bcl-2 was upregulated, while Bax
and cleaved caspase-3 were downregulated in NCAPG-
overexpressing cells compared with controls. Conversely,
after the silencing of NCAPG, the expression of Bcl-2 was
downregulated, while Bax and cleaved caspase-3 were
upregulated compared with controls (Figure 4A and B).
In addition, we evaluated the effect of NCAPG on the
apoptosis of HCC-related cell lines, including SMMC-
7721 and MHCC-97H cells by flow cytometry. Results
showed that NCAPG-overexpression groups presented a
lower percentage of early apoptosis compared with the
control group (Figure 4C). Contrary to this, the early
apoptosis rate was significantly increased in both HCC-
LM3 and Huh-7 cells when NCAPG was silenced
(Figure 4D). These data suggest that NCAPG reduced
apoptosis of HCC and its molecular mechanism deserves
further investigations.

NCAPG Promoted HCC Migration In

HCC Cells

To explore the role of NCAPG in HCC migration, NCAPG
was overexpressed in SMMC-7721 and MHCC-97H cells
and silenced in HCC-LM3 and Huh-7 cells using two
distinct siRNA duplexes. Transwell inserts were used to
evaluate cell migration. The results showed that migration
was significantly increased in NCAPG-overexpressing

SMMC-7721 and MHCC-97H cells compared with their
corresponding control cells (Figure 5A). Conversely,
migration was significantly decreased in siNCAPG-trans-
fected HCC-LM3 and Huh-7 cells (Figure 5B).

NCAPG Promoted Proliferation And
Reduced Apoptosis By Activating The
PI3K/AKT/FOXO4 Pathway

KEGG enrichment analysis of differentially expressed
genes when NCAPG was silenced in HCC-LM3 cells
showed that NCAPG may be involved in the regulation
of the PI3K-AKT signaling pathway (Figure 5C).
Therefore, we hypothesized that NCAPG mainly contri-
bute to cell survival by regulating the PI3K/AKT pathway.
Western blotting showed that the levels of p-PI3K, p-AKT
(S473), and Bcl-2 were upregulated, while p-FOXO4,
Bax, and cleaved caspase-3 were downregulated in the
NCAPG-overexpressing cells. Furthermore, p-PI3K,
p-AKT (S473), and Bcl-2 were downregulated, while
p-FOXO04, Bax, and cleaved caspase-3 were upregulated
when NCAPG was silenced (Figure 5D and E).

To further confirm the crucial role of PI3K/AKT acti-
vation in the oncogenic effect of NCAPG, the PI3K inhi-
bitor LY294002 and PI3K activator 740Y-P were applied
to identify whether they could attenuate or promote onco-
genic phenotypes. Similar to the NCAPG-overexpression
experiments, proliferation, apoptosis, and Western blot
analyses of SMMC-7721 and MHCC-97H cells with the
treatment of 25 pM LY294002 for 24 hrs were performed.
In addition, similar to the NCAPG-silencing study, prolif-
eration, apoptosis, and Western blot analyses of Huh-7 and
HCC-LM3 cells treated with 10 pM 740Y-P for 24 hrs
were conducted. Interestingly, Western blot analysis
showed that LY294002 decreased the expression of
p-PI3K, p-AKT(S473), and Bcl-2 and increased the
expression of p-FOXO04, Bax, and cleaved caspase-3 in
NCAPG-overexpressing cells, while 740Y-P played an
opposite effect in NCAPG-silencing cells (Figure 5D and
E). Furthermore, LY294002 attenuated cell proliferation
and antiapoptosis induced by NCAPG overexpression
(Figures 6A, B, E, F, and 7A). Contrary to this, 740Y-P
rescued cell proliferation and antiapoptosis that resulted
from NCAPG silencing (Figures 6C, D, G, H, and 7B).
Together, these data highlighted that the oncogenic effect
of NCAPG on HCC cell proliferation and its inhibitory
effect on apoptosis were via modulating PI3K/AKT/
FOXO04 signaling.
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Figure 3 NCAPG promoted HCC proliferation in vitro and in vivo.

Notes: (A, B, E, and F) Representative images of cell proliferation abilities in SMMC-7721 and MHCC-97H cells with NCAPG overexpression detected by EdU and CCK-8. Blue,
Hoechst33342 staining of nuclei with all cells; red, Apollo staining of EdU with proliferating cells; overlay, the percentage of proliferating cells. The values indicate the mean * SD of
three independent experiments (*P<0.05, independent Student’s t-test). (C, D, G, and H) Representative images of cell proliferation abilities in HCC-LM3 and Huh-7 cells with
NCAPG knockdown siRNA detected by EdU and CCK-8. The values indicate the mean + SD of three independent experiments (*P<0.05, **P<0.01, ***P<0.001, independent
Student’s t-test). (I) Cells were subcutaneously injected into the flanks of nude mice to detect proliferative ability. Tumor weight (g) was measured at 6 weeks after injection and

the weight of tumors

expressed as the mean £ SD, n = 6 (**P<0.01, **P<0.001, ***P<0.0001, independent Student’s t-test).
Abbreviations: NCAPG, non-SMC condensin | complex subunit G; HCC, hepatocellular carcinoma; EdU, 5-ethynyl-2'-deoxyuridine; CCK-8, Cell Counting Kit-8.
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Figure 4 NCAPG reduced apoptosis in HCC cells.

Notes: (A) Western blot analysis of SMMC-7721 and MHCC-97H cells transfected with NCAPG-overexpression plasmid. (B) Western blot analysis of HCC-LM3 and Huh-
7 cells transfected with two different NCAPG siRNA. (C) Representative images (left) and summary bar chart (right) of cell apoptosis abilities in SMMC-7721 and MHCC-
97H cells with NCAPG overexpression detected by cell apoptosis analysis. The values indicate the mean * SD of three independent experiments (**P<0.01, ***P<0.0001,
independent Student’s t-test). (D) Representative images (left) and summary bar chart (right) of cell apoptosis abilities in HCC-LM3 and Huh-7 cells with NCAPG
knockdown siRNA detected by cell apoptosis analysis. The values indicate the mean + SD of three independent experiments (**P<0.01, ***P<0.001, ****P<0.0001,
independent Student’s t-test).

Abbreviations: NCAPG, non-SMC condensin | complex subunit G; HCC, hepatocellular carcinoma.
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Notes: (A) Representative images of cell migration abilities in SMMC-7721 and MHCC-97H cells with NCAPG overexpression detected by Transwell migration assays. The values
indicate the mean * SD of three independent experiments (*P<0.01, independent Student’s t-test). (B) Representative images of cell proliferation abilities in HCC-LM3 and Huh-7 cells
with NCAPG knockdown siRNA detected by Transwell migration assays. The values indicate the mean + SD of three independent experiments (**P<0.01, independent Student’s t-test).
(C) KEGG pathway analysis of differentially expressed genes when NCAPG was silenced in HCC-LM3 cells. GeneRatio: ratio of the number of differential genes enriched in a certain
pathway to the total number of differential genes. (D) Western blot of SMMC-772 | and MHCC-97H cells transfected with NCAPG-overexpression plasmid and treated for 24 hrs with
25 pM LY294002. (E) Western blot of HCC-LM3 and Huh-7 cells transfected with NCAPG siRNA and treated for 24 hrs with 10 uM 740Y-P.

Abbreviations: NCAPG, non-SMC condensin | complex subunit G; HCC, hepatocellular carcinoma.

NCAPG Promoted Migration By
Activating The PI3K/AKT/FOXO4
Pathway

LY294002 attenuated cell migration induced by NCAPG
overexpression (Figure 8A). Contrary to this, 740Y-P res-
cued cell migration that resulted from NCAPG silencing
(Figure 8B). Together, these data highlighted that the

oncogenic effect of NCAPG on HCC cell migration was
via modulating PI3K/AKT/FOXO4 signaling.

Silencing FOXO4 Increased NCAPG
Expression

Negative feedback loops had been proven to exist in
tumors; for example, inhibiting mTOR can block feedback
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Figure 6 NCAPG promoted proliferation by activating the PI3K/AKT/FOXO4 pathway.
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ANOVA). (C, D, G, and H) Representative images of cell proliferation abilities in HCC-LM3 and Huh-7 cells transfected with NCAPG siRNA and treated for 24 hrs with 10 uM 740Y-P
detected by EdU and CCK-8. The values indicate the mean + SD of three independent experiments (*P<0.05, **P<0.01, ***P<0.001, ***P<0.0001, one-way ANOVA).
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Figure 7 NCAPG reduced apoptosis by activating the PI3K/AKT/FOXO4 pathway.

Notes: (A) Representative images (left) and summary bar chart (right) of cell apoptosis abilities in SMMC-7721 and MHCC-97H cells transfected with NCAPG-
overexpression plasmid and treated for 24 hrs with 25uM LY294002 detected by cell apoptosis analysis. The values indicate the mean + SD of three independent
experiments (¥P<0.05, **P<0.01, ***P<0.001, one-way ANOVA). (B) Representative images and summary bar chart of cell apoptosis abilities in HCC-LM3 and Huh-7 cells
transfected with NCAPG siRNA and treated for 24 hrs 10uM 740Y-P detected by cell apoptosis analysis. The values indicate the mean * SD of three independent
experiments (**P<0.01, ¥***P<0.001, ***P<0.0001, one-way ANOVA). (C) Western blot analysis was used to detect the expression of FOXO4 and NCAPG in SMMC-7721
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Abbreviations: NCAPG, non-SMC condensin | complex subunit G; FOXO4, Forkhead Box transcription factor O (FOXO) family 4.
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Abbreviation: NCAPG, non-SMC condensin | complex subunit G.

the significant downregulation of FOXO4 in the study. To
further examine whether FOXO4 could affect the expres-
sion of NCAPG reversely, we knocked down the expres-
sion of FOX04 in SMMC-7721 and MHCC-97H by
transfecting three different FOXO4-siRNA sequences.
The expression of NCAPG was detected by Western blot
analysis. Results showed that NCAPG expression was
increased in FOXO4-siRNA groups compared with con-
trol-siRNA groups (Figure 7C). These data suggest that a

positive feedback loop exists between NCAPG and
FOXO04 in the PI3K/AKT/FOXO4 pathway. However,
the underlying mechanism of how FOXO4 influences
NCAPG expression remains to be elucidated in future
studies.

Discussion
Tissue homeostasis critically depends on the balance
between proliferation and cell death.® Cancer is a disease
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characterized as dysregulated proliferation. Mutations in var-
ious proliferative pathways have a profound impact on aber-
rant cell division and the inhibition of differentiation.”
Apoptosis, a distinct, intrinsic cell death program, is a geneti-
cally regulated cellular suicide mechanism that occurs in
various physiological and pathological situations.*® Thus,
learning about the mechanisms of HCC proliferation and
migration is useful to develop newer and better therapeutic
strategies to improve the survival rate of HCC patients.

NCAPG encodes a subunit of the condensin complex,
which is responsible for chromosome condensation and
stabilization during mitosis and meiosis. Researches have
demonstrated that NCAPG was involved in the pathogen-
esis of many kinds of neoplasms, including prostate
cancer,® pediatric glioma cell,” renal cell carcinoma,’
multiple myeloma,”® and melanoma.?’ Using bioinfor-
matics analysis, studies found that NCAPG is a key gene
in liver cancerigenesis and development.*® Here, we found
the abnormal upregulation of NCAPG in HCC by analyz-
ing three microarray datasets from the Oncomine database
and further confirmed it in 90 paired primary HCC tissues
and the corresponding adjacent normal tissues by IHC and
Western blot, which indicate its putative tumor-promoting
function in HCC. In addition, we found that NCAPG
expression was associated with poor clinical outcomes.
Furthermore, our data indicated that NCAPG promoted
the proliferation and migration of HCC cells and inhibited
the apoptosis of HCC cells in vitro and altered the size of
xenograft tumors in nude mice in vivo in both NCAPG-
overexpressing and NCAPG-silencing experiments, which
is in favor of our previous research'' and demonstrated
that NCAPG functions as oncogene in HCC. Similar to our
results, researches have reported the overexpression of
NCAPG and its effects on cell proliferation and apoptosis
in HCC only by NCAPG-silencing experiments.*'~*
However, up to now, the mechanism of NCAPG roles of
promoting proliferation, migration, and antiapoptosis in
HCC has not been investigated.

PI3Ks are heterodimeric lipid kinases that are com-
posed of a regulatory and catalytic subunit, which are
encoded by different genes.*®>* AKT, a downstream
PI3K effector, regulates many biological processes, includ-
ing proliferation, apoptosis, and growth. The PI3K/AKT
pathway is dysregulated in many cancers, including breast,
colon, ovarian, and pancreatic cancers.> 7 Abnormal
activation of the PI3K/AKT pathway has also been
reported in HCC.***° Interesting, our results found the
excessive activation of PI3K/AKT signaling in NCAPG-

overexpressing experiments and its inhibition in NCAPG-
silencing experiments in HCC. Although a recent study
has reported that the mRNA expressions of AKT were
downregulated after NCAPG silencing in BEL-7404
cells, an HCC cell line,*? the study on the cause and effect
between NCAPG and PI3K/AKT signaling in HCC patho-
genesis is lacking up to now. Therefore, we further
uncover whether NCAPG plays its role in promoting cell
proliferation, migration, and inhibiting apoptosis through
the PI3K/AKT signaling pathway in HCC. Results found
that the addition of 740Y-P (PI3K activator) resulted in
increased proliferation, migration, and decreased apoptosis
in NCAPG-silencing cells, while the LY294002 (PI3K
inhibitor) contributed to the opposite effect in NCAPG-
overexpressing cells. Together, our data suggest that the
oncogenic function of NCAPG in HCC is dependent on
PI3K/AKT signaling.

FOXO4, which is considered to be at the outset of
tumorigenesis,*® has been extensively identified to be a
crucial transcription factor involved in the regulation of
several essential types of cancer, such as leukemia, gastric

% prostate cancer,” breast

cancer,41 colorectal cancer,4
cancer,** lung cancer,” and neuroblastoma.*® It has been
reported that AKT/ERK/FOXO4/ATF5 pathway was
involved in the process of hepatitis B virus X protein
and promoted tumorigenesis.*’ Additionally, a recent
study has reported the key role of Ras/Foxo4 signaling in
CCDC50S-mediated cell proliferation and metastasis in
HCC.*® To identify whether FOXO04 is involved in the
NCAPG oncogenic phenotype, in the study, we detected
the expression of FOX04 and p-FOXO4 in both NCAPG-
overexpressing and NCAPG-silencing cells. Results
showed that NCAPG inhibited the expression of
p-FOXO04. More importantly, our data demonstrated that
LY294002 (PI3K inhibitor) rescued the decreased expres-
sion of p-FOXO04 in NCAPG-overexpressing cells, while
740Y-P (PI3K activator) showed the opposite result in
NCAPG-silencing cells. These indicate that FOXO4
plays roles in NCAPG oncogenic functions in HCC and
may be the downstream of the PI3K/AKT pathway.
Interestingly, we found that silencing FOXO4 increased
NCAPG expression, which reveals that there may be
negative feedback loops between NCAPG and FOXO04 in
the tumorigenesis of HCC. Further studies will be needed
to expand our knowledge of the underlying mechanisms of
the regulatory loop between them.

In summary, we further confirmed the overexpression
of NCAPG in both HCC tissues and cell lines and its roles
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in promoting proliferation, migration, and antiapoptosis in
HCC (Figure 8C). Notably, we illuminated that NCAPG
plays its oncogenic roles in the pathogenesis of HCC
through PI3K/AKT/FOXO4 pathway for the first time,
which suggests that NCAPG may act as a prognostic
therapeutic target in HCC.
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