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NCAPH regulates gastric cancer progression through DNA damage response 
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Gastric cancer (GC) is one of the most common devastating and deadly malignancies of the gastrointestinal tract in the 
world. GLOBOCAN data analysis showed that GC accounted for approximately 1,033,000 new cases of cancer and 78,200 
deaths in 2018. Nonstructural maintenance of chromosomes (non-SMC) condensin I complex subunit H (NCAPH) is a 
regulatory subunit that encodes the non-SMC condensin I complex. Previous studies have demonstrated that NCAPH is 
highly expressed in multiple cancers. �is study aimed to explore the function and potential mechanism of NCAPH in 
GC. Our study showed that NCAPH expression was signi�cantly upregulated in �e Cancer Genome Atlas (TCGA) and 
Oncomine datasets. Quantitative real-time polymerase chain reaction and western blotting were used to detect NCAPH 
expression in GC and paracarcinoma tissues. Cell Counting Kit-8 (CCK-8) and colony formation assays were used to 
examine cell proliferation. Cell scratch and Transwell invasion assays were performed to assess cell migration. In addition, 
western blotting was used to detect the expression of proteins related to the cell cycle, DNA damage repair, and epithelial-
mesenchymal transition (EMT). Flow cytometry was applied for cell cycle and apoptosis detection. A xenogra� model 
was employed to assess the e�ect of NCAPH in vivo. �e results demonstrated that NCAPH expression was signi�cantly 
increased in GC tissue samples and cell lines. Knockout of NCAPH notably inhibited cell proliferation, cell migration, 
cell invasion, cell cycle progression, and tumor growth in vitro and in vivo, and induced the G1-phase cell cycle arrest 
by regulating the DNA damage response. In addition, knockout of NCAPH promoted cell apoptosis and regulated the 
expression of EMT-related proteins. �e results indicate that the knockout of NCAPH in GC cells inhibits proliferation and 
metastasis via the DNA damage response in vitro and in vivo. NCAPH plays an important role in GC and may be a potential 
therapeutic target for GC treatment. 
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Gastric cancer (GC) is one of the most common fatal 
malignant tumors, has a poor prognosis worldwide, and is 
a major threat to human health [1, 2]. GLOBOCAN data 
analysis showed that GC accounted for approximately 
1,033,000 new cases of cancer and 78,200 deaths in 2018 
[3]. �e incidence and mortality of cancer in China are 
increasing, and 67,910 new GC cases and 49,800 GC-related 
deaths were reported in 2015. Unfortunately, the survival rate 
of GC is very low. Studies show that the �ve-year survival 
rate is only 28% [4]. Furthermore, most of the GC patients 
are diagnosed at an advanced stage, which increases the di�-
culty of the treatment process [5, 6]. Although considerable 
progress and achievements have been made in the treatment 
of GC, the rapid proliferation of tumors is still the biggest 
obstacle for the clinical treatment of GC, and cancer cell 
mitosis is a critical process in proliferation. �us, there is 

an urgent need to �nd a novel target for GC treatment that 
focuses on the mitotic process.

Condensins are protein complexes that promote chromo-
some assembly and segregation during mitosis and meiosis 
[7]. Eukaryotes have two distinct types of condensin 
complexes: condensin I and II. Some studies have shown that 
condensin I can arrange loops of chromatin, while condensin 
II is required for the rigidity of an initial chromosome axis 
[8, 9]. Gene expression pro�ling of GC samples and adjacent 
normal samples from 8 patients was performed using an 
mRNA microarray; condensing I complex subunit (NCAPH) 
was identi�ed as a potential candidate target gene for the 
treatment of GC. NCAPH is located on human chromosome 
2q11.2 and is also known as BRRN1 [10]. It is involved in 
the stability of the condensin protein complexes and plays an 
important role in the precise segregation of sister chroma-
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tids during mitosis [7, 11]. Chen et al. reported that NCAPH 
expression is signi�cantly higher in GC tissues than in normal 
tissues [12]. Previous studies have shown that downregula-
tion of NCAPH signi�cantly inhibits cell proliferation and 
induces apoptosis and cell cycle arrest in pancreatic cancer 
cells, which is consistent with the results of colon cancer, 
prostate cancer, and lung cancer [13–15]. Although NCAPH 
has been identi�ed as a biomarker of multiple cancers, the 
detailed mechanisms remain unclear.

In this study, we explored the expression and distribu-
tion of NCAPH in human GC. In addition, we found that 
NCAPH knockout inhibited GC cell proliferation in vitro 
and repressed tumor growth in vivo. �ese data suggested 
that NCAPH is an important contributor to the pathogenesis 
of GC.

Patients and methods

Ethical approval. �e study was approved by the ethics 
committee of Lanzhou University Second Hospital (approval 
number: D2020-36), and all patients signed an informed 
consent form. �e animal study was approved by the ethics 
committee of Lanzhou University Second Hospital.

Gene expression data analysis. �e expression level of 
the NCAPH gene in di�erent tumors was analyzed using �e 
Cancer Genome TCGA (https://tcga-data.nci.nih.gov/tcga) 
and Oncomine databases (https://www.oncomine.org/), and 
these data are publicly available.

Patients and samples. �e subjects were GC cancer 
patients who were surgically treated in our general surgery 
center. Samples of GC tissues and corresponding adjacent 
normal tissues were collected from the patients. �e tissue 
samples were stored at –80 °C. All tissue samples were 
divided into two parts: one part was processed for quantita-
tive real-time PCR (qRT-PCR) and the other part was used 
for protein extraction.

Cell culture. Human GC cell lines (AGS, HGC27, and 
MKN45) were purchased from the Chinese Academy 
of Sciences, and HEK293T cells were obtained from the 
American Type Tissue Culture (ATCC). All cell lines were 
grown in DMEM supplemented with 10% fetal bovine serum 
and cultured at 37 °C with 5% CO2 in a humidi�ed incubator.

Lentivirus preparation and infection. NCAPH was 
knocked out by guide RNA (gRNA), which was designed 
based on the CRISPR/Cas9 system. �e plasmid was 
constructed using the Gibson assembly cloning method [16]. 
Lentiviral vectors containing gRNA, pSPAX2, and pMD2G 
were inserted into HEK293T cells by co-transfection. �en, 
lentiviruses were harvested to infect GC cells (AGS, HGC27, 
and MKN45), which were selected with puromycin. NCAPH 
knockout was validated using western blots.

Quantitative real-time �uorescent PCR (qRT-PCR). 
Total RNA extraction of GC tumor tissues and cell lines was 
performed using the AG RNAex Pro RNA reagent. Total RNA 
was reverse transcribed into cDNA using the Transcriptor 

First Strand cDNA Synthesis Kit, and iTap Universal SYBR 
Green Premix Supermix was used for real-time PCR ampli�-
cation. Target genes were detected on a Roche LightCycler 96 
system. �e qRT-PCR forward primer sequence for NCAPH 
was GTCCTCGAAGACTTTCCTCAGA, and the reverse 
primer sequence was TGAAATGTCAATACTCCTGCTGG; 
the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
forward primer sequence was GAAGGCTGGGGCTCATTT, 
and the reverse primer sequence was CAGGAGGCATT-
GCTGATGAT.

Western blotting. Protein was extracted from GC tumor 
tissues, and cell line proteins were extracted using radioim-
munoprecipitation assay (RIPA) lysis bu�er. �e protein 
concentration was measured with the BCA Protein Assay 
Kit. First, protein samples were separated by polyacryl-
amide sodium dodecyl sulfate gel electrophoresis and then 
electrotransferred to polyvinylidene di�uoride membranes. 
�e membranes were incubated in TBST (10 mM Tris-HCl, 
150 mM NaCl, 0.1% Tween 20, pH 7.4) with 5% skim 
milk for 1 h at room temperature and then incubated with 
primary antibodies overnight at 4 °C. A�er washing with 
TBST, the corresponding secondary antibody was incubated 
with the membranes at room temperature for 2 h. Finally, the 
protein was detected using NcmECL Ultra. �e primary and 
secondary antibodies for western blotting were as follows: 
anti-NCAPH (Proteintech Group, 11515-1-AP, 1:1000), 
anti-Cyclin A2 (Proteintech Group, 18202-1-AP, 1:1000), 
anti-Cyclin B1 (Proteintech Group, 55004-1-AP, 1:1000), 
anti-Cyclin D1 (Proteintech Group, 26939-1-AP, 1:1000), 
anti-CtIP (Cell Signaling, D76F7, 1:1000), anti-P95NBS1 
(Cell Signaling, D6J5I, 1:1000), anti-RAD54 (Cell Signaling, 
D4W3Z, 1:1000), anti-N-cadherin (Abcam, ab98952, 
1:1000), anti-vitronectin (Sigma, 045M4795V, 1:1000), anti-
vimentin (Proteintech Group, 60330-I-Ig, 1:1000), anti-
smad2 (Proteintech Group, 12570-1-AP, 1:1000) and β-actin 
(Proteintech Group, 20536-1-AP, 1:1000), goat anti-mouse 
IgG (H+L), HRP (Proteintech Group, SA00001-1, 1:5000), 
goat anti-Rabbit IgG (H+L), HRP (Proteintech Group, 
SA00001-2, 1:5000).

Cell proliferation and colony formation assay. Cell 
proliferation was measured using the Cell Counting Kit 
(CCK-8) assay. NCAPH knockout GC cell lines and control 
cells (AGS and HGC27) were seeded in 96-well plates at a 
density of 3×103 cells/well and cultured for 24, 48, 72, 96, 
and 120 h. �en, one-tenth the volume of the CCK-8 reagent 
was added, and the plate was incubated at 37 °C for 1 h. �e 
absorbance was measured at 450 nm. Furthermore, NCAPH 
knockout cell lines (AGS and HGC27) and controls were 
seeded in 35 mm dishes for the colony formation assay. A�er 
14 days in culture, the cells were �xed with 4% methanol, 
stained with 0.1% crystal violet, and counted.

Cell scratch and Transwell invasion assay. Cell migra-
tion was measured by a scratch wound-healing assay. A 
total of 3×105 cells were seeded in 6-well plates, the cell 
layers were scratched using a 200 µl pipette to make parallel 
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linear wounds, and the debris was removed by washing with 
phosphate-bu�ered saline (PBS). A�er 24 h of culture, the cell 
migration areas were measured, and then the migration rate 
was calculated. �e migration and invasion abilities of cells 
were assessed using Transwell plates precoated with Matrigel. 
Two hundred microliters of serum-free DMEM with 4×104 
cells were seeded in each Transwell chamber, and the lower 
chamber contained a medium with 10% FBS. A�er 24–48 h 
of culture, cells in the  lower  chambers were �xed with 4% 
methanol and stained with 0.1% crystal violet.

Flow cytometry analysis. Flow cytometry was applied 
for the cell cycle and apoptosis  detection. �e cells were 
collected by centrifugation (300 × g/min, 5 min, 4 °C) and 
washed twice with precooled PBS. One part was used for 
cell cycle detection, and the other was used for cell apoptosis 
detection. For one part, the harvested cells were �xed in 75% 
ethanol at 4 °C overnight, and stained with propidium (PI); 
then, cell cycle distribution was analyzed by �ow cytometry. 
Cells in the other part were stained with Annexin V-FITC 
and PI Staining Solution at RT for 10 min and then analyzed 
apoptosis by �ow cytometry.

Animal experiments. Twelve NSG mice (5–6 weeks old; 
an equal mix of males and females) were randomly divided 
into an experimental group and a control group (WT). 
NCAPH knockout MKN45 cells and control cells treated 
with Matrigel alone were subcutaneously injected into NSG 
mice. �e body weight and tumor volume of NSG mice were 
measured every three days using a Vernier caliper. Tumor 
volume was determined with the formula: Volume = width2/2 
× (length).

Statistical analysis. All experimental data are presented 
as the mean ± standard deviation (SD) deviation of at least 
three replicate experiments. Statistical analysis and data 
plotting were performed using GraphPad Prism version 8. 
A paired t-test was used to compare NCAPH expression 
between precancerous  and  tumor  tissues. A p-value <0.05 
was considered statistically signi�cant.

Results

NCAPH was signi�cantly upregulated in GC tissues. 
First, we found that NCAPH was highly expressed in GC 
tissues by gene chip analysis (Figure 1A). We further assessed 
the expression of NCAPH in GC versus noncancerous tissues 
in TCGA database and found that NCAPH expression was 
upregulated in GC tissues (Figure 1B). Consistent with this 
observation, NCAPH was signi�cantly upregulated in cancer 
of the alimentary tract based on the Oncomine database 
(Figure 1C). We detected the expression of NCAPH mRNA in 
11 normal GC tissues by qRT-PCR. NCAPH mRNA expres-
sion was signi�cantly higher in GC tissues than in normal 
tissues (Figure 1D). Western blot analysis also demonstrated 
that the protein level of NCAPH was markedly higher in 
GC tissues than in the corresponding adjacent normal 
tissues (Figure 1E). �e immunohistochemistry staining 

results showed that NCAPH expression was signi�cantly 
higher in GC tissues than in paracarcinoma tissues and that 
NCAPH was mainly localized to the nucleus in human GC 
cells (Figure 1F). It was revealed by Kaplan-Meier analyses 
that overexpression of NCAPH was not associated with the 
survival rate in GC (Figure 1G). �e above results suggested 
that overexpression of NCAPH is associated with the clinical 
development of GC.

NCAPH was signi�cantly upregulated in GC cells. 
Western blot analysis demonstrated that the protein level of 
NCAPH was markedly higher in �ve GC cell lines than in 
GES cells (Figure 2A). At the same time, the mRNA expres-
sion levels of NCAPH were determined using qRT-PCR, 
which showed that mRNA expression levels were signi�-
cantly upregulated in GC cell lines (Figure 2B). To address 
the biological function of NCAPH in the progression of GC, 
we designed a speci�c gRNA targeting the NCAPH gene 
and assessed its knockout e�ect on the GC cell lines AGS, 
HGC27, and MKN45. Western blot analysis veri�ed that 
gRNA signi�cantly inhibited NCAPH expression in cells 
(Figure 2C). Next, we further studied the e�ect of NCAPH 
on cell function.

NCAPH knockout suppressed the proliferation, migra-
tion, and invasion of GC cells. To evaluate the e�ect of 
NCAPH knockout on the biological function of GC cells, we 
employed CCK-8, colony formation, Transwell, and invasion 
assays using NCAPH gRNA speci�cally targeting NCAPH. 
�e CCK-8 assay showed that NCAPH knockout led to a 
remarkable reduction of proliferation (Figure 2D) in AGS 
and HGC27 cells compared with that in the control group. 
Moreover, compared to the control condition, knockout of 
NCAPH signi�cantly inhibited colony formation in AGS and 
HGC27 cells (Figure 2F). Furthermore, NCAPH knockout 
signi�cantly suppressed cell migration (Figure 2E) and 
invasion (Figure 2G) in the two GC cell lines. �ese results 
indicate that NCAPH plays an essential role in the cellular 
function of GC cells.

NCAPH knockout suppressed the cell cycle and DNA 
damage response. �e functions and locations of NCAPH 
in the cells were determined by the gene set enrichment 
analysis and immuno�uorescence. Upregulated gene enrich-
ment analysis revealed that NCAPH was mainly enriched 
in the cell cycle and DNA replication (Figures 3A, 3B). 
Moreover, the results showed that the NCAPH protein was 
located mainly in the nucleus (Figure 3C). As shown in 
Figures 3D–3G, knockout of NCAPH induced the G1 phase 
cell cycle arrest, and the proportion of cells in the S and G2 
phases obviously decreased in the NCAPH knockout group in 
AGS and HGC27 cells. Our data indicated that the knockout 
of NCAPH signi�cantly inhibited proteins related to the cell 
cycle (cyclin A2 and cyclin B1) (Figure 3H). Previous studies 
have indicated that the NCAPH is closely related to the DNA 
damage response. To elucidate whether NCAPH in�uences 
the biological function of cancer cells via regulation of the 
DNA damage response, we analyzed the e�ects of NCAPH on 
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Figure 1. NCAPH is upregulated in multiple cancers. A) Highly expressed genes from the gastric samples were analyzed with a gene expression mi-
croarray. B) NCAPH is highly expressed in GC tissues. *p<0.01, **p<0.01, ***p<0.001, ****p<0.0001 in all �gures. C) NCAPH is highly expressed in 
multiple cancers. D) �e mRNA expression level of NCAPH in GC tissues and paracarcinoma tissues. E) �e protein expression level of NCAPH in GC 
tissues and paracarcinoma tissues. F) Representative images of immunohistochemical staining for NCAPH in GC tissues and paracarcinoma tissues. 
G) �e association between NCAPH expression and overall survival rate in GC patients.
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Figure 2. NCAPH knockout signi�cantly inhibited the proliferation, migration, and invasion of AGS and HGC27 cells. A) �e protein expression level 
of NCAPH in GC cells. B) �e mRNA expression level of NCAPH in GC cells. C) �e knockout e�ciency of NCAPH was validated by western blotting. 
D) Proliferation of the AGS and HGC27 cell lines was measured by a CCK-8 assay. E) Representative image and quanti�cation of wound-healing assays 
in the AGS and HGC27 cell lines. F) NCAPH knockout suppressed the colony formation in the AGS and HGC27 cell lines. G) Representative image 
and quanti�cation of Transwell invasion assays in the AGS and HGC27 cell lines.
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Figure 3. NCAPH knockout suppressed the cell cycle arrest and inhibited DNA damage repair proteins expression. �e gene set enrichment analysis 
revealed that NCAPH was enriched in the cell cycle (A) and DNA replication (B). C) Immuno�uorescence staining of the cellular localization of 
NCAPH (green) in AGS and HGC27 cells. DAPI (blue) was used to stain the nuclei. Scale bars 20 μm. D–G) �e percentages of cells in each cell cycle 
phase were detected using �ow cytometry. �e proportion of cells in the G1 phase signi�cantly increased while the proportions of cells in the S and 
G2 phases obviously decreased in AGS and HGC27 cells. H, I, K) Western blot analysis showed that NCAPH knockout inhibited the expression of 
proteins related to the cell cycle, DNA damage repair, and EMT. J) NCAPH knockout promoted early and late stages AGS and HGC27 cell apoptosis, 
as determined by �ow cytometry.
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the expression levels of DNA damage repair proteins in AGS 
and HGC27 cells by western blotting. �e results showed 
that compared with that in the control group, expression 
of the DNA damage repair proteins P95NBS1 and RAD54 
was signi�cantly weakened by NCAPH knockout in AGS 
and HGC27 cells (Figure 3I). However, the CtIP signal did 
not change signi�cantly when NCAPH was knocked out in 
AGS and HGC27 cells (Figure 3I). In addition, EMT-related 
proteins play crucial roles in EMT, thus serving as markers in 
the assessment of EMT. Our studies showed that knockout of 
NCAPH promoted early-stage and late-stage apoptosis and 
suppressed the expression of EMT-related proteins in AGS 
cells and HGC27 cells (Figures 3J, 3K).

NCAPH knockout inhibited subcutaneous gastric 
tumorigenesis in NSG mice. We conducted in vivo animal 
experiments (Figure 4A) to further evaluate the e�ect of 
knocking out NCAPH using a subcutaneous tumorigen-
esis model. NCPAH knockout signi�cantly reduced tumor 
volume and tumor weight compared with those in the 
control group (Figures 4B–4D). Moreover, the knockout of 
NCAPH had no impact on the bodyweight of mice (Figures 
4E, 4F). In all the analyses we conducted, the sex of the 
NSG mice showed no signi�cant e�ect on the variables. 
�e animal study results suggested that NCAPH knockout 
inhibits the subcutaneous tumorigenicity of MKN45 cells in 
NSG mice.

Figure 4. NCAPH knockout inhibited tumor growth in vivo. A) Illustration of the experimental design. B) Images of mice bearing tumors from WT 
or NCAPH knockout MKN45 cells on day 19. C, D) Tumor volume and weight of WT and NCAPH knockout MKN45 cell xenogra�s in mice. E, F) 
NCAPH knockout had no signi�cant e�ect on the bodyweight of mice.
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Discussion

GC is one of the most common devastating and deadly 
malignancies worldwide, ranking ��h in terms of cancer 
incidence and third in terms of cancer-associated mortality 
[3]. Condensins are multiprotein complexes that play a crucial 
role during mitosis, meiosis, and tumorigenesis as chromo-
some regulators. Recent studies have shown that condensin 
subunits have important roles in the condensation and 
decompensation of chromosomes during the cell cycle [17]. 
NCAPH is one of the three non-SMC subunits in condensin 
I and is upregulated in multiple cancers [14]. However, the 
functions of the NCAPH in GC have not been well explored. 
In this study, we found that NCAPH is overexpressed in 
various human tumors according to the Oncomine database 
analysis. Furthermore, we found that NCAPH expression is 
higher in GC cells than in normal gastric cells. Moreover, 
the immunohistochemical staining results showed that the 
expression of NCAPH is clearly increased in GC tissues 
compared with paracarcinoma tissues. According to the 
results, NCAPH plays a critical role in the progression of GC.

Normal cells undergo chromosome replication, cell 
growth, division, and the cell cycle. Abnormal cell prolifera-
tion is one of the characteristics of cancer. �us, cell cycle 
dysregulation and carcinogenesis are strongly associated with 
tumor progression [18]. NCAPH is presumed to be a protein 
that participates in sister chromatid separation during 
mitosis and plays a critical role in the cell cycle [10]. Existing 
evidence indicates that the NCAPH gene is involved in the 
regulation of mitosis. Currently, NCAPH has been con�rmed 
to be involved in GC progression by impacting cell prolif-
eration, migration, invasion, and apoptosis [19]. Previous 
studies also indicated that NCAPH in�uenced the DNA 
damage response [13]. Our study showed through CCK-8 
and colony formation assays that knocking out NCAPH 
signi�cantly inhibited proliferation and colony formation 
assays in the AGS and HGC27 cell lines. Furthermore, we 
analyzed the cell migration and invasion by wound healing 
and Transwell assays. �e results showed that NCAPH 
knockout suppressed AGS and HGC27 cell migration and 
invasion. In addition, the �ow cytometry assay demonstrated 
that knockout of NCAPH induced the G1 phase cell cycle 
arrest. Furthermore, the studies showed that the knockout 
of NCAPH signi�cantly inhibited the expression of proteins 
related to the cell cycle and DNA damage repair response in 
AGS and HGC27 cells. NCAPH knockout also signi�cantly 
inhibited tumor growth in vivo. �erefore, the suppression 
of proliferation in AGS and HGC27 cells with NCAPH 
knockout is likely caused by DNA replication defects. �ese 
data suggested that NCAPH is a critical oncogenic factor of 
cell proliferation in vitro and in vivo.

As previously reported [20–22], condensins play an 
important role in the cell cycle, and cell cycle arrest is one 
of the mechanisms that inhibits tumor growth. To explore 
the regulatory e�ect of NCAPH in GC cells, we performed 

the gene set enrichment analysis of upregulated genes, which 
showed that NCAPH was mainly enriched in the cell cycle 
and DNA replication. We showed that the knockout of 
NCAPH signi�cantly inhibited the proteins related to the cell 
cycle. �e DNA damage response is an important pathway 
that is involved in the regulation of cell proliferation, metas-
tasis, and invasion. To further elucidate the regulatory e�ect 
of NCAPH in GC cells, we assessed the e�ects of NCAPH 
on the expression levels of DNA damage repair proteins in 
AGS and HGC27 cells by western blot analysis. �e results 
showed that knocking out NCAPH expression decreased the 
protein levels of DNA damage response markers. In contrast, 
knocking out NCAPH in AGS and HGC27 cells led to signif-
icantly reduced expression of DNA damage repair proteins. 
Furthermore, the results showed that NCAPH localized to 
the nucleus, and knockout promoted AGS cell apoptosis and 
suppressed the expression of EMT-related proteins in AGS 
cells and HGC27 cells. We speculate that NCAPH knockout 
can cause DNA replication damage, leading to cell cycle 
arrest. �is indicates that knocking out NCAPH inhibits 
cell proliferation and migration by cell cycle arrest and DNA 
damage response. However, the detailed mechanism by 
which NCAPH modulates the damage repair response needs 
to be further explored.

In conclusion, our study indicates that NCAPH is upregu-
lated in GC cells and that NCAPH knockout suppresses GC 
cell migration and invasion in vitro and tumor growth in vivo. 
�us, NCAPH might be a tumor oncogene that promotes GC 
proliferation. NCAPH could be a novel diagnostic marker of 
the progression of GC and a potential therapeutic target in 
the future.
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