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Abstract: Diabetes mellitus (DM) is recognized as a risk factor for hepatocellular carcinoma (HCC). High glucose 
levels have been implicated in inducing epithelial-mesenchymal transition (EMT), contributing to the progression 
of various cancers. However, the molecular crosstalk remains unclear. This study aimed to elucidate the molecular 
mechanisms linking DM to HCC. Initially, the expression of NCAPD2 in HCC cells and patients was measured. A 
series of functional in vitro assays to examine the effects of NCAPD2 on the malignant behaviors and EMT of HCC 
under high glucose conditions were then conducted. Furthermore, the impacts of NCAPD2 knockdown on HCC pro-
liferation and the β-catenin pathway were investigated in vivo. In addition, bioinformatics methods were performed 
to analyze the mechanisms and pathways involving NCAPD2, as well as its association with immune infiltration and 
drug sensitivity. The findings indicated that NCAPD2 was overexpressed in HCC, particularly in patients with DM, and 
its aberrant upregulation was linked to poor prognosis. In vitro experiments demonstrated that high glucose upregu-
lated NCAPD2 expression, enhancing proliferation, invasion, and EMT, while knockdown of NCAPD2 reversed these 
effects. In vivo studies suggested that NCAPD2 knockdown might suppress HCC growth via the β-catenin pathway. 
Functional enrichment analysis revealed that NCAPD2 was involved in cell cycle regulation and primarily interacted 
with NCAPG, SMC4, and NCAPH. Additionally, NCAPD2 was positively correlated with EMT and the Wnt/β-catenin 
pathway, whereas knockdown of NCAPD2 inhibited the Wnt/β-catenin pathway. Moreover, NCAPD2 expression was 
significantly associated with immune cell infiltration, immune checkpoints, and drugs sensitivity. In conclusion, our 
study identified NCAPD2 as a novel oncogene in HCC and as a potential therapeutic target for HCC patients with DM.
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Introduction

Diabetes mellitus (DM), a disease character-
ized by chronic elevated blood glucose, had an 
estimated global prevalence of 9.3% (463 mil-
lion people) in 2019, which is expected to rise 
to 10.2% (578 million people) by 2030 and 
10.9% (700 million people) by 2045 [1]. This 
increasing incidence has made DM a signifi-
cant global public health issue. Hepatocellular 
carcinoma (HCC) ranks as the fifth most com-

mon malignancy and the third leading cause of 
cancer-related mortality, with an annual global 
incidence of approximately 500,000 cases [2, 
3]. Despite advances in the development and 
application of small-molecule multi-target tyro-
sine kinase inhibitors and immunotherapy 
allowing for improved survival, the prognosis for 
HCC patients remains poor, with a 5-year sur-
vival rate of only 12% [4]. Current evidences 
suggest that DM is an independent risk factor 
that significantly contributes to HCC progres-
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sion [5]. Hyperglycemia adversely affects HCC 
progression and prognosis by regulating cell 
proliferation, metastasis, and drug resistance 
through multiple molecular mechanisms [6, 7]. 
However, the precise mechanisms by which DM 
contributes to HCC remain incompletely under-
stood. Therefore, identifying new targets or sig-
naling pathways with aberrant activation is 
urgently needed to prevent HCC development 
in DM patients and to improve the prognosis of 
HCC patients with DM.

Epithelial-mesenchymal transformation (EMT) 
is a crucial contributor for the malignant pheno-
type of tumor cells through facilitating various 
progression such as proliferation, metastasis, 
drug resistance, and cancer stemness [8]. The 
dysregulation of intercellular adhesion compo-
nents, such as E-cadherin, N-cadherin, and 
vimentin, is a hallmark of EMT [9]. Multiple 
studies have demonstrated that high glucose 
conditions induce EMT, enhancing malignant 
behaviors in various cancers, including HCC 
[10-14]. Impaired inflammation and immunity, 
commonly observed in DM patients, diminish 
the response to chronic viral infections, such  
as hepatitis B, leading to HCC development. 
Cancer cells undergoing EMT have been shown 
to induce the production of pro-inflammatory 
cytokines, contributing to an aggressive pheno-
type switch. Moreover, in lung adenocarcino- 
ma, high glucose-induced activation of EGFR/
STAT3 signaling facilitated aggressive behav-
iors via EMT [15]. In HCC, hyperglycemia-acti-
vated c-Met induced mesenchymal phenotype 
acquisition, promoting HCC metastasis through 
metabolic reprogramming [16].

NCAPD2, a non-SMC subunit of condensin I 
located on chromosome 12p13.3, was initially 
found to play a crucial role in mitotic chromo-
some condensation and segregation, as well as 
neurological diseases [17, 18]. Recent studies 
have implicated NCAPD2 in the progression of 
colorectal cancer [19], breast cancer [20] and 
lung adenocarcinoma [21]. However, the role of 
NCAPD2 in HCC, particularly DM-related HCC, 
has not yet been reported. This study aimed to 
explore the expression and clinical significance 
of NCAPD2 in HCC patients with and without 
DM and to investigate the regulatory effect of 
NCAPD2 on the malignant phenotypes and 
EMT of HCC cells under high glucose condi-
tions, along with the underlying molecular 

mechanisms of HCC and DM. Our study pro-
vides the first evidence that NCAPD2 is signifi-
cantly overexpressed in HCC, especially in 
cases combined with DM. The upregulation  
of NCAPD2 was identified as a poor prognostic 
factor for HCC patients. High glucose levels 
upregulated NCAPD2 expression, while NCA- 
PD2 knockdown attenuated the effects of high 
glucose, suggesting that NCAPD2 acts as a 
bridge between DM and HCC by regulating the 
Wnt/β-catenin-mediated EMT. Our findings 
reveal a novel mechanism contributing to the 
worsened prognosis observed in HCC patients 
with DM and offer a new potential therapeutic 
target for treating HCC patients.

Materials and methods

Tissue samples

A total of 56 pairs of fresh HCC tumor tissues 
and adjacent normal tissues were collected for 
total RNA isolation. These samples were ob- 
tained from patients at random undergoing sur-
gery at the First Affiliated Hospital of Guangxi 
Medical University. Tissue samples were imme-
diately stored in liquid nitrogen following 
detachment and subsequently stored in -80°C. 
For immunohistochemistry (IHC), 61 pairs for-
malin-fixed specimens were randomly collected 
at the First Affiliated Hospital of Guangxi 
Medical University. These specimens were then 
embedded in paraffin and stored at room  
temperature. All patients had been pathologi-
cally confirmed as HCC cases and had not 
received radiotherapy, chemotherapy, any tar-
geted therapy, or immunotherapy prior to sur-
gery. Clinicopathological parameters, including 
gender, age, height, weight, BMI, AFP, cirrhosis, 
vascular invasion, HBs antigen, Child-Pugh 
grade, T stage, N stage, M stage, and DM, of 
local HCC patients were obtained and analyzed 
with respect to different expression levels of 
NCAPD2. All specimens were routinely treated 
according to WHO classification for pathologi-
cal diagnosis. The staging of patients was 
defined based on the TNM staging system 
(2017, version 8) developed by the American 
Joint Committee on Cancer (AJCC) and the 
Union for International Cancer Control (UICC). 
The inclusion criteria for patients with DM 
enrolled in this study were as follows: (1) a prior 
diagnosis of DM; (2) typical diabetes symptoms 
(polydipsia, polyuria, polyphagia, unexplained 
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weight loss) plus fasting plasma glucose con-
centration ≥ 7.0 mmol/L, an oral glucose toler-
ance test plasma glucose concentration ≥ 11.1 
mmol/L, or a random intravenous plasma glu-
cose concentration ≥ 11.1 mmol/L, or HbA1c ≥ 
6.5%. All patients provided informed consent 
prior to sample collection, and the study proto-
col was approved by the institutional research 
Ethics Committee of the First Affiliated Hospital 
of Guangxi Medical University.

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Total RNA was extracted using Trizol (Invitrogen, 
Carlsbad, CA) or commercial RNA kit (Omega 
Bio-Tek, Norcross, GA, USA) according to the 
manufacturer’s instructions. cDNA was synthe-
tized using the MonScriptTM kit (Monad Biotech, 
Suzhou, China). qRT-PCR was performed using 
SYBR Green PCR Master Mix (Monad Biotech). 
The primers used in this study are as follows: 
NCAPD2-F, 5’-TGGAGGGGTGAATCAGTATGT-3’; 
NCAPD2-R, 5’-GCGGGATACCACTTTTATCAGG-3’; 
GAPDH-F, 5’-CAACGTGTCAGTGGTGGACCTG-3’; 
GAPDH-R, 5’-GTGTCGCTGTTGAAGTCAGAGGAG- 
3’. The relative mRNA expression of NCAPD2 
was quantitatively determined by the 2-ΔΔCt 
method, with GAPDH serving as the internal 
control.

Cell culture

HCC cells (Huh7, SNU449, HepG2, and MH- 
CC97H) and the human normal liver cell line 
L02 were obtained from Procell Life Science & 
Technology (Wuhan, China). Cells were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM, 
Gibco, USA) supplemented with 10% fetal 
bovine serum (FBS, Procell Life Science & 
Technology) and maintained at 37°C in a  
5% CO2 atmosphere, supplemented with 1% 
Penicillin-Streptomycin-Amphotericin B Solu- 
tion (Solarbio, Beijing, China). For experiments 
involving high/low glucose conditions, cells 
were divided into a low glucose (LG) (DMEM 
with 5.6 mmol/L glucose) and high glucose 
(HG) group (DMEM with 25 mmol/L glucose).

Cell transfection

Small interfering RNAs (siRNAs) targeting NCA- 
PD2 and a negative control (siNC) were desi- 
gned by GenePharma (GenePharma, Shanghai, 
China).

The sense sequences were as follows: siN-
CAPD2#1, 5’-GGAGGAGAUUCCUGAGCAATT-3’; 
siNCAPD2#2, 5’-GGUACUGUCCAUCAAACAUTT- 
3’; siNCAPD2#3, 5’-GGUUCUCAGUGGCGAUC- 
AATT-3’; and the siNC, 5’-UUCUCCGAACGU- 
GUCACGUTT-3’. SiRNAs or the siNC were trans-
fected into HCC cells using Lipofectamine  
3000 (Thermo Fisher Scientific, USA) according 
to manufacturer’s protocol. The transfection  
efficiency of siRNA vectors was assessed  
and confirmed by qRT-PCR and Western blot 
(Supplementary Figure 1A). siNCAPD2#1 and 
siNCAPD2#3 were selected for subsequent 
experiments.

Construction of NCAPD2 knockdown lentivirus 
and stably infection cells

For the stable knockdown of NCAPD2 expres-
sion in vivo experiments, short hairpin RNA  
targeting NCAPD2 was designed and synthe-
sized by GenePharma (GenePharma, China) 
with a LV16 lentiviral vector. The target se- 
quences for NCAPD2 shRNA were as follows: 
sh-NC, 5’-TTCTCCGAACGTGTCACGT-3’, and sh-
NCAPD2, 5’-GGAGGAGATTCCTGAGCAA-3’. Huh7 
cells were infected with the lentivirus with an 
optimal multiplicity of infection (MOI) of 30 TU/
mL following manufacturer’s protocol. After 48 
hours, transfected cells were selected with 0.5 
ug/ml puromycin (Beyotime, Beijing, China) to 
establish stably transfected cell lines for fur-
ther animal experiments. The knockdown effi-
ciency of NCAPD2 in Huh7 cells was confirmed 
by qRT-PCR and Western blot.

Cell counting kit-8 (CCK-8) assay

CCK-8 kit (Biosharp, Anhui, China) was utilized 
to assess cell proliferation capacity. Forty-eight 
hours after transfection, cells were plated into 
96-well plates at a final concentration of 
approximately 3 × 103 cells/well and cultured 
durations for 0 hour, 24 hours, 48 hours, and 
72 hours. Subsequently, 10 µL of CCK-8 
reagent was added to each well containing 90 
µL DMEM, and the plates were incubated in a 
humidified incubator with 5% CO2 at 37°C for 2 
hours. The absorbance of the cell sample was 
measured at 450 nm.

Colony formation assay

HCC cells were harvested 48 hours after trans-
fection, and 600 cells from each treatment 
were plated in a 6-well plate containing 2 ml of 
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culture medium, which was refreshed every two 
days. After 14 days of culture, the medium was 
discarded, and the colonies were washed thrice 
with PBS. The colonies were then fixed with 4% 
paraformaldehyde (PFA) for approximately 30 
minutes and stained with 0.1% crystal violet for 
30 minutes. Cultures were then washed with 
PBS, dried, and colonies were photographed 
and counted. This assay was performed in 
triplicate.

5-ethynyl-20-deoxyuridine (EdU) assay

An EdU kit (Beyotime) was utilized to evaluate 
the proliferative ability of HCC cells. After trans-
fection with siRNA or the corresponding nega-
tive control, cells were cultured for 48 hours 
before splitting. Subsequently, cells (4 × 103 
cells/Well) were seeded into 96-well plates and 
cultured for 24 hours. The plates were then 
incubated with EdU for 2 hours, fixed with 4% 
paraformaldehyde for 15 minutes, permeabi-
lized with 0.3% Triton X-100 for 15 minutes, 
and stained with the reaction mixture in the 
dark at room temperature for 30 minutes. 
Nuclei were stained with Hoechst 33342. 
Representative images of EdU-positive cells 
were captured using fluorescence microscopy, 
and the percentages of EdU-positive cells  
were calculated. This assay was performed in 
triplicate.

Wound healing assay

The migratory ability of HCC cells was assessed 
using a wound healing assay. A line was drawn 
on the back of 6-well plates with a marker pen, 
perpendicular to the horizontal axis. Cells were 
cultured to 90% confluency, and a scratch was 
made along the marked line using a 200 µL 
pipette tip, perpendicular to the surface of 
plate. Subsequently, cells were cultured in 
DMEM containing 2% FBS and photographed 
after 48 hours using an inverted microscope. 
ImageJ software was used to calculate average 
scratch width. The migration rate was calculat-
ed by the formula: [(Denuded distance 0 h - 
Denuded distance at the endpoint)/Denuded 
distance 0 h].

Cell migration assay

A transwell migration assay was performed 
using an 8 µm pore chamber (Corning, Tew- 
ksbury, MA) to evaluate cell migration capabili-

ty. Initially, 5 × 104 cells were seeded into the 
upper chamber in 100 µL DMEM without FBS, 
while the lower chamber was supplemented 
with 800 µL DMEM containing 10% FBS. After 
culture for 24 hours, cells remaining in the 
upper chamber were gently removed with a cot-
ton swab. Cells that had migrated to the lower 
side of the membrane were fixed with 4% para-
formaldehyde for 30 minutes and stained with 
0.1% crystal violet for 20 minutes at room tem-
perature. Migrated cells were then photo-
graphed and counted under the microscope. 
This assay was performed in triplicate.

Cell invasion assay

The cell invasion assay was performed using 
24-well plates with 8 µm pore inserts (Corning) 
pre-coated with Matrigel (Abwbio, Shanghai, 
China). Cells were added to the top chamber 
and then grown in serum-free medium (7.0 × 
104 cells/100 μl). 10% FBS was added to the 
bottom chamber as a chemoattractant. After 
24 hours, cells that had invaded through the 
membrane were fixed with methanol, stained 
with 0.1% crystal violet for 20 minutes, and 
washed with PBS. Invasive cells were photo-
graphed using random fields and counted 
under the microscope in triplicate.

Western blot

Cells were harvested and total protein was 
extracted using RIPA buffer (Solarbio) supple-
mented with phenylmethanesulfonyl fluoride 
(PMSF, Solarbio). Thirty micrograms of protein 
from each sample were separated by 10% sodi-
um dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to PVDF membranes. 
The membranes were blocked with 5% milk at 
room temperature for 1 hour and incubated 
with primary antibodies overnight at 4°C. The 
primary antibodies used were as follows: 
NCAPD2 (1:1500, Proteintech, Wuhan, China), 
E-cadherin (1:20000, Proteintech), Vimentin 
(1:50000, Proteintech), N-cadherin (1:2000, 
Proteintech), β-catenin (1:5000, Proteintech), 
CyclinD1 (1:5000, Proteintech), c-Myc (1:2000, 
Proteintech) and GAPDH (1:5000, Proteintech). 
The membranes were then washed with TBST 
and incubated with an appropriate secondary 
antibody (1:5000, Proteintech). Blots were then 
washed thrice with TBST and bands were  
visualized with FluorChem M FM0593 system. 
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Protein expression levels were quantified and 
analyzed using ImageJ software, with GAPDH 
serving as the internal control.

Cellular immunofluorescence (IF)

Cells subjected to different treatments were 
cultured in 24-well plates on glass slides. After 
48 hours, the cells were fixed with 4% parafor-
maldehyde and permeabilized with 0.5% Triton 
X-100 for 10 minutes. Cells were then blocked 
with 2% BSA for 1 hour and incubated with pri-
mary antibodies: Vimentin (1:600, Proteintech), 
E-cadherin (1:300, Proteintech), N-cadherin 
(1:300, Proteintech), and β-catenin (1:300, 
Proteintech) at 4°C overnight. The slides were 
then washed with PBS and incubated with  
fluorescent secondary antibodies (Alexa Fluor 
488 or Alexa Fluor 555, Beyotime) for 1 hour. 
Nuclei were stained with DAPI. Representative 
images were captured under a fluorescence 
microscope, and fluorescence intensity was 
quantified using ImageJ for statistical analysis. 
Average fluorescence was calculated as the 
total fluorescence intensity of the region divid-
ed by the area of the regions.

Xenograft mouse model

A total of 10 healthy male BALB/c nude mice, 
aged 4-6 weeks, were provided by the Experi- 
mental Animal Center of Guangxi Medical 
University. Huh7-sh-NC and Huh7-sh-NCAPD2 
cells (1 × 107) were resuspended in 100 µL of 
PBS and injected into the axilla of the mice (n = 
5 per group) respectively. Three weeks’ post-
injection, the mice were euthanized by cer- 
vical dislocation, and the tumor weights were 
recorded. Tumor volume was calculated as: 
Volume (mm3) = (length × width2) × 0.5. Tumor 
tissues were collected and processed for  
histological evaluation. All animal experiments 
were approved by the Institutional Animal Care 
and Use Committee for medical laboratory ani-
mal sciences.

Immunohistochemistry (IHC)

Paraffin sections were baking at 60 deparaf-
finized in xylene, and hydrated through an  
ethanol gradient. After heat-induced antigen 
retrieval, the sections were blocked according 
to the instructions of the immunohistochemi- 
cal detection kit (ZSGB-BIO, Beijing, China). 
Primary antibodies against NCAPD2 (1:200, 

Proteintech), β-catenin (1:1000, Proteintech) 
were incubated at 4°C overnight, followed by 
incubation with the corresponding secondary 
antibody for 1 hour at room temperature. DAB 
staining and hematoxylin counterstaining were 
performed. Images were captured under a 
microscope and analyzed. NCAPD2 expression 
levels were scored using the following formula: 
Immunohistochemical score (IHS) = staining 
percentage score × staining intensity score. 
The scoring criteria were based on positive per-
centage: 0% (0), ≤ 25% (1), 26-50% (2), 51-75% 
(3), > 75% (4); and intensity: negative (0), weak-
ly positive (1), positive (2), strongly positive (3).

Expression and prognostic value of NCAPD2 in 
multiple public databases

The mRNA expression data for HCC were 
obtained from the ArrayExpress (https://www.
ebi.ac.uk/arrayexpress/), GEO (https://portal.
gdc.cancer.gov/), and The Cancer Genome 
Atlas (TCGA) (https://portal.gdc.cancer.gov/) 
databases. The UALCAN database (https://ual-
can.path.uab.edu/index.html) was used to ana-
lyze differential expression and promoter meth-
ylation based on TCGA data. Clinical parame-
ters (including gender, age, height, weight, BMI, 
pathologic T stage, pathologic N stage, patho-
logic M stage, pathologic stage, and histologic 
grade) of HCC patients were downloaded from 
TCGA database and then analyzed using 
UALCAN online or an R package across differ-
ent NCAPD2 expression groups. Survival infor-
mation of HCC patients from TCGA was 
obtained, and patients were stratified into high 
and low expression groups using the opti- 
mal cut-off determined by the Kaplan-Meier 
plotter database (http://kmplot.com/analysis/
index.php?p=background). Kaplan-Meier curv- 
es were plotted to determine the prognostic 
value of NCAPD2 in HCC, with P < 0.05 consid-
ered statistically significant.

Pan-cancer analysis of NCAPD2 in public da-
tabases

The mRNA expression of NCAPD2 in more than 
30 tumor and normal tissues was analyzed by 
using the TIMER database (https://cistrome.
shinyapps.io/timer/). Different types of genetic 
alterations in the NCAPD2 gene in pan-cancer, 
including HCC, were analyzed using the cBio-
Portal (https://www.cbioportal.org/) database.
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Tumor mutational burden (TMB) and TP53 mu-
tation of NCAPD2 in HCC

Based on the RNA-seq data from TCGA, HCC 
patients were categorized into high and low 
NCAPD2 expression groups using the median 
value of NCAPD2 expression as the cutoff. 
Variants detected were categorized as base 
substitutions, insertions, or deletions. These 
variants, alongside the total exon length, were 
used to calculate the TMB. The differences in 
TMB between high and low NCAPD2 expression 
groups were illustrated using Waterfall Plots  
via the maftools package. Moreover, the 
expression level of NCAPD2 across different 
TP53 mutation statuses in HCC was analyzed 
using the UALCAN database.

Functional enrichment and protein-protein 
interaction (PPI) network construction of 
NCAPD2

The GeneMANIA database (https://genemania.
org/) facilitates analysis and prediction of 
genes interacting with a selected gene based 
on shared functions. We utilized GeneMANIA 
database to identify similar functional genes 
which interact with NCAPD2, and a PPI network 
map was generated. To further investigate the 
potential biological functions of NCAPD2, we 
firstly used the GEPIA 2.0 database to identify 
genes related to NCAPD2. The top 300 related 
genes were listed and imported into the Meta- 
scape database (https://metascape.org/) for 
functional annotation and enrichment analysis. 
The biological functions involving NCAPD2 were 
predicted and visualized using Cytoscape.

Analysis of tumor immune microenvironment 
(TME) and immune cell infiltration

The Sangerbox website (http://www.sangerbox.
com/home.html) was used to analyze the rela-
tionship between NCAPD2 expression, immune 
checkpoints (ICPs), and immune regulatory 
genes in multiple cancers. The infiltration pro-
portions of 22 human immune cells in the TME 
were analyzed using CIBERSORT algorithms 
between high and low NCAPD2 expression 
groups. Additionally, the relationship between 
NCAPD2 and infiltration levels of immune cells 
in HCC, as well as ICPs, was analyzed using  
the TIMER database. The impact of different 
copy number alterations (CNAs) of NCAPD2 on 

immune cell infiltration levels was assessed 
using the TIMER database.

Pharmaceutical screening by NCAPD2

The pRRophetic R package (https://github.
com/paulgeeleher/pRRophetic) was used to 
predict the sensitivity of commonly used anti-
tumor drugs in groups with different NCAPD2 
expressions. The half-maximal inhibitory con- 
centration (IC50) of targeted and chemothera-
peutic agents for each HCC patient was pre- 
dicted based on data from the GDSC data- 
base. P < 0.001 was considered statistically 
significant.

Statistical processing

All statistics are presented as mean ± standard 
deviation and were performed using GraphPad 
Prism 6.0. The t-test was used for statistical 
analysis between two independent groups, 
while one-way ANOVA was used for analyses 
involving more than two groups. Clinical param-
eters were analyzed using the Chi-square test. 
Spearman correlation analysis was applied  
for assessing drug sensitivity. P < 0.05 was 
considered statistically significant for in vitro 
experiments.

Results

NCAPD2 was upregulated in HCC and HCC 
combined with DM patients

We used qRT-PCR to assess the mRNA expres-
sion of NCAPD2 in 56 pairs HCC tissues and 
adjacent normal liver tissues. The results indi-
cated that NCAPD2 expression was upregulat-
ed in 70% (39/56) HCC tumor tissues (Figure 
1A), and the relative mRNA expression of 
NCAPD2 was significantly upregulated in tumor 
tissues as compared to the adjacent normal 
liver tissues (P < 0.001, Figure 1B). Subgroup 
analysis further distinguished between HCC 
patients with DM and those without. The mRNA 
expression of NCAPD2 was higher in HCC 
patients combined with DM (n = 17) than in 
those without DM (n = 39) (P < 0.001, Figure 
1C).

IHC staining was utilized to investigate NCAPD2 
protein expression. Representative IHC images 
demonstrated that NCAPD2 was primarily local-
ized in the cytoplasm (Figure 1D). The expres-
sion of NCAPD2 exhibited a significantly stron-
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Figure 1. NCAPD2 was upregulated in HCC patients with or without DM. A. The relative mRNA expression level of 
NCAPD2 in each HCC patients. B. The mRNA expression of NCAPD2 compared in tumor and normal tissues of HCC 
patients. C. The mRNA expression of NCAPD2 in HCC patients with or without DM. D. Representative IHC pictures of 
NCAPD2 in tumor and adjacent normal tissues of HCC patients. E. IHC scores in HCC tumor and adjacent normal tis-
sues. F. Representative IHC pictures of NCAPD2 in tumor tissues of HCC patients with or without DM. G. IHC scores 
in tumor tissues of HCC patients with or without DM. ***P < 0.001.

ger signal in tumors than in normal tissue 
(Figure 1D, 1E, IHS: P < 0.001). Correspond- 
ingly, the IHC signal and IHS of NACPD2 were 
significantly higher in HCC combined with DM 
patients than those without DM (Figure 1F, 1G, 
IHS: P < 0.001). These results implied an onco-

genic role of NACPD2, highlighting its upregula-
tion in HCC and its importance as a regulatory 
link between DM and HCC.

We further assessed the clinical significance  
of NCAPD2 by calculating the relationship 
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Table 1. Relationship between NCAPD2 mRNA expression and 
clinicopathological features of HCC patients

Characteristics Low expression 
of NCAPD2

High expression 
of NCAPD2 P value

n 28 28
Gender, n (%) 0.313
    Male 24 (53.3%) 21 (46.7%)
    Female 4 (36.4%) 7 (63.6%)
Age, n (%) 0.737
    ≤ 60 23 (51.1%) 22 (48.9%)
    > 60 5 (45.5%) 6 (54.5%)
Weight, n (%) 0.577
    ≤ 60 11 (55.0%) 9 (45.0%)
    > 60 17 (47.2%) 19 (52.8%)
Height, n (%) 0.284
    < 165 11 (42.3%) 15 (57.7%)
    ≥ 165 17 (56.7%) 13 (43.3%)
BMI, n (%) 0.061
    ≤ 25 17 (63.0%) 10 (37.0%)
    > 25 11 (37.9%) 18 (62.1%)
AFP (ng/mL), n (%) 0.589
    ≤ 200 17 (53.1%) 15 (46.9%)
    > 200 11 (45.8%) 13 (54.2%)
Cirrhosis, n (%) 0.274
    Absence 13 (59.1%) 9 (40.9%)
    Presence 15 (44.1%) 19 (55.9%)
Vascular invasion, n (%) 1.000
    Absence 20 (50.0%) 20 (50.0%)
    Presence 8 (50.0%) 8 (50.0%)
HBsAg, n (%) 0.537
    Negative 22 (52.4%) 20 (47.6%)
    Positive 6 (42.9%) 8 (57.1%)
Child-Pugh grade, n (%) 1.000
    A 27 (50.0%) 27 (50.0%)
    B 1 (50.0%) 1 (50.0%)
T stage, n (%) 0.025*

    T1-T2 27 (57.4%) 20 (42.6%)
    T3-T4 1 (11.1%) 8 (88.9%)
N stage, n (%) 0.611
    N0 25 (48.1%) 27 (51.9%)
    N1 3 (75.0%) 1 (25.0%)
M stage, n (%) 1.000
    M0 28 (50.9%) 27 (49.1%)
    M1 0 (0.0%) 1 (100%)
DM, n (%) < 0.001***

    Absence 27 (69.2%) 12 (30.8%)
    Presence 1 (5.9%) 16 (94.1%)
*P < 0.05, ***P < 0.001.

between NCAPD2 expression 
and clinicopathological charac-
teristics. In cohort 1, HCC pa- 
tients were divided into high- 
and low-NCAPD2 expression 
groups based on the median 
mRNA value of NCAPD2. As 
shown in Table 1, NCAPD2 
mRNA expression was signifi-
cantly associated with T stage (P 
= 0.025, Table 1) and the pres-
ence of DM (P < 0.001, Table 1). 
However, the mRNA expression 
of NCAPD2 was not associated 
with gender, age, weight, height, 
BMI, AFP, cirrhosis, vascular 
invasion, HBsAg, or Child-Pugh 
grade (P > 0.05, Table 1). For 
the protein expression of NC- 
APD2 in cohort 2, we defined  
the high NCAPD2 group as IHS  
≥ 8 (n = 40) while the low 
NCAPD2 group was defined as 
IHS < 8 (n = 21). As shown in 
Table 2, NCAPD2 protein ex- 
pression correlated significantly 
with age (P = 0.016, Table 2), T 
stage (P = 0.021, Table 2), and 
the presence of DM (P < 0.001, 
Table 2), but not with gender, 
BMI, AFP, cirrhosis, vascular 
invasion, HBsAg, and Child-Pugh 
grade (P > 0.05, Table 2). These 
results elucidated a crucial role 
of NCAPD2 in HCC especially in 
DM patients.

Expression and genetic altera-
tions of NCAPD2 in pan-cancer

Given the differential expression 
and clinical value of NCAPD2 in 
our local cohort, we explored its 
role in public databases. The dif-
ferential expression of NCAPD2 
were analyzed across more than 
30 human malignancies via the 
TIMER database. NCAPD2 was 
found to be significantly overex-
pressed in 13 tumor tissues, 
including HCC, compared to nor-
mal tissues, while the expres-
sion of NCAPD2 was downregu-
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Table 2. Relationship between NCAPD2 protein expression and 
clinicopathological features of HCC patients

Characteristics Low expression 
of NCAPD2

High expression 
of NCAPD2 P value

n 21 40
Gender, n (%) 0.470
    Male 19 (37.3%) 32 (62.7%)
    Female 2 (20.0%) 8 (80.0%)
Age, n (%) 0.016*

    ≤ 60 18 (45.0%) 22 (55.0%)
    > 60 3 (14.3%) 18 (85.7%)
Weight, n (%) 0.845
    ≤ 60 10 (35.7%) 18 (64.3%)
    > 60 11 (33.3%) 22 (66.7%)
Height, n (%) 0.377
    < 165 6 (27.3%) 16 (72.7%)
    ≥ 165 15 (38.5%) 24 (61.5%)
BMI, n (%) 0.947
    ≤ 25 14 (34.1%) 27 (65.9%)
    > 25 7 (35.0%) 13 (65.0%)
AFP (ng/mL), n (%) 0.596
    ≤ 200 12 (50.0%) 20 (50.0%)
    > 200 9 (50.0%) 20 (50.0%)
Cirrhosis, n (%) 0.142
    Absence 12 (44.4%) 15 (55.6%)
    Presence 9 (26.5%) 25 (73.5%)
Vascular invasion, n (%) 0.978
    Absence 13 (35.1%) 24 (64.9%)
    Presence 8 (34.8%) 15 (65.2%)
HBsAg, n (%) 0.608
    Negative 15 (34.9%) 28 (65.1%)
    Positive 5 (29.4%) 12 (70.6%)
Child-Pugh grade, n (%) 0.329
    A 18 (32.1%) 38 (67.9%)
    B 3 (60.0%) 2 (40.0%)
T stage, n (%) 0.021*

    T1-T2 21 (40.4%) 31 (59.6%)
    T3-T4 0 (0.0%) 9 (100.0%)
N stage, n (%) 1.000
    N0 21 (35.0%) 39 (65.0%)
    N1 0 (0.0%) 1 (100.0%)
M stage, n (%) 1.000
    M0 21 (35.0%) 39 (65.0%)
    M1 0 (0.0%) 1 (100.0%)
DM, n (%) < 0.001***

    Absence 19 (52.8%) 17 (47.2%)
    Presence 2 (8.0%) 23 (92.0%)
*P < 0.05, ***P < 0.001.

lated significantly in thyroid can-
cer than normal tissues (P < 
0.05, Figure 2A). To further elu-
cidate the differential expres-
sion and the role of NCAPD2  
in tumor progression, we then 
investigated the different types 
of genetic alterations of NCAP- 
D2 in pan-cancer via the cBio-
Portal. The types of NCAPD2 
gene alterations varied among 
cancers, with mutation being 
the most common in uterine  
corpus endometrial carcinoma 
(8.88%) and skin cutaneous 
melanoma (4.95%). Amplificati- 
on was the second common 
alteration, observed in 6.71%  
of testicular germ cell tumors, 
5.65% of ovarian serous cystad-d-
enocarcinoma, 5.26% of uterine 
carcinosarcoma, and 4.67% of 
brain lower grade glioma (Figure 
2B).

TMB, TP53 mutation and ge-
nomic alterations of NCAPD2 
in HCC

TMB plays a significant role in 
the prognosis and response to 
immunotherapy across numer-
ous cancers. We further ex- 
plored the mutation frequency 
of different genes within high 
and low NCAPD2 groups. Water- 
fall plots revealed the top 20 
mutations, including TP53, CT- 
NNB1, TTN, MUC16, and PCLO 
(Figure 2C, 2D). Notably, the 
mutation frequency of TP53, a 
critical oncogene, was signifi-
cantly higher in the high NCAP- 
D2 expression group compared 
to the low NCAPD2 group (TP53: 
38% vs 14%, Figure 2C, 2D). 
However, the mutation frequen-
cy of CTNNB1, which is reported 
to be commonly mutated in  
HCC and associated with a 
reduced response to immuno-
therapy, was lower in NCAPD2-
high group juxtaposed with the 
NCAPD2-low group (CTNNB1: 
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Figure 2. Expression, genetic alteration and TMB of NCAPD2 in pan-cancer including HCC. A. NCAPD2 mRNA ex-
pression levels in pan-cancer from TCGA database via TIMER portal. B. Genetic alteration of NCAPD2 in pan-cancer 
from TCGA database via cBioPortal portal. C. Waterfall plots of the top 20 mutation genes in HCC patients with high 
NCAPD2. D. Waterfall plots of the top 20 mutation genes in HCC patients with low NCAPD2. E. The relationship 
between NCAPD2 expression and different TP53 mutant status in HCC patients. F. Type and frequency of NCAPD2 
gene mutations in HCC. *P < 0.05, **P < 0.01, ***P < 0.001.

23% vs 29%, Figure 2C, 2D). We then analyzed 
NCAPD2 expression levels across different 
TP53 mutation statuses, finding increased 
NCAPD2 expression in 105 HCC tumor sam- 
ples with TP53 mutations compared to 255 
samples without, according to TCGA data via 
the UALCAN portal (P < 0.001, Figure 2E). 
Furthermore, based on TCGA HCC samples, 
genomic alterations in NCAPD2 were observed 
in 6% of HCC patients (Figure 2F).

Upregulation and clinical values of NCAPD2 
were validated in HCC patients in public data-
bases

Following the aforementioned results of 
NCAPD2 in HCC, we used various public data-
bases to validate the expression, clinical sig- 
nificance, and prognostic value of NCAPD2 in 
HCC. The upregulated mRNA expression of 
NCAPD2 was confirmed in the E_TABM_36 
dataset from the ArrayExpress database (P = 
0.0045, Figure 3A), GSE144269 (P = 3.8e-13, 
Figure 3B), GSE14520 (P < 2.2e-16, Figure  
3C), and GSE54236 (P = 3e-04, Figure 3D) 
datasets from the GEO database, and the  
TCGA HCC dataset (P < 1e-12, Figure 3E), sup-
porting the aberrant expression of NCAPD2 in 
our local HCC specimens.

Clinicopathological parameters of HCC patients 
were downloaded from the TCGA database. A 
total of 371 HCC patients were divided into  
high and low NCAPD2 groups based on the 
median value of NCAPD2 mRNA expression. As 
shown in Table 3, we found that the expression 
of NCAPD2 was significantly associated with 
patient age (P = 0.005), weight (P = 0.009), BMI 
(P = 0.042), pathological T stage (P = 0.007), 
pathological stage (P = 0.001), and histologic 
grade (P < 0.001), but not with gender (P = 
0.065), height (P = 0.098), pathological N stage 
(P = 0.394), or pathological M stage (P = 0.279). 
Additionally, NCAPD2 expression levels corre-
lated with tumor grade, cancer stages, and 
nodal metastasis status in the UALCAN data-
base (Figure 3F-H). The methylation of the 
NCAPD2 DNA promoter was lower in HCC than 
in normal tissues (Figure 3I).

Prognostic value of NCAPD2 in HCC

Survival information from HCC patients was 
used to generate Kaplan-Meier survival curves 
from the K-M plotter database, to elucidate the 
relationship between NCAPD2 and HCC prog-
nosis. Patients with high NCAPD2 expression 
exhibited shorter Overall Survival (OS: 25.2 m 
vs 70.5 m, HR = 2.08 [1.46-2.96], P = 3e-05) 
and Recurrence-Free Survival (RFS: 15.07 m  
vs 34.4 m, HR = 1.63 [1.16-2.31], P = 0.005) 
compared to those with low expression (Figure 
3J, 3K). Progression-Free Survival (PFS: 12.87 
m vs 29.77 m, HR = 1.65 [1.23-2.22], P = 
0.00079) and Disease-Specific Survival (DSS: 
49.67 m vs 84.4 m, HR = 2.39 [1.52-3.74], P = 
8.9e-05) also showed similar trends (Figure  
3L, 3M), indicated that NCAPD2 was both over-
expressed in HCC tumor tissues and acted as  
a key regulator of HCC progression, supporting 
the results of our local HCC specimens.

High glucose induced the expression of 
NCAPD2 in HCC

Given the notable overexpression of NCAPD2 
and its significant clinical implications in HCC, 
with and without DM, we investigated the 
impact of NCAPD2 on HCC cells under high glu-
cose in vitro. The expression of NCAPD2 in HCC 
cell lines compared to normal liver epithelial 
cell line L02 was detected by qRT-PCR and 
Western blot. Results demonstrated that both 
mRNA and protein expression of NCAPD2 in 
HCC cell lines (Huh7, SNU449, HepG2 and 
MHCC97H) were upregulated compared to L02 
(P < 0.001, Figure 4A, 4B). SNU449 and Huh7 
cells, with the highest NCAPD2 expression, 
were selected for further study. Cells were  
cultured in LG (5.6 mmol/L) or HG (25 mmol/L) 
and harvested at different timepoints. qRT- 
PCR assay demonstrated a time-dependent in- 
crease NCAPD2 mRNA expression in cells cul- 
ture in HG compared with LG (Supplementary 
Figure 1B). The 48 hours mark was selected for 
further evaluation. The CCK-8 assay indicated 
that HG conditions significantly promoted the 
growth of Huh7 and SNU449 cells at 24 hours, 
48 hours, and 72 hours juxtaposed with LG (P < 
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Figure 3. Expression profile, clinical and prognostic values of NCAPD2 in HCC patients from public databases. A-E. 
Expression profiles of NCAPD2 in HCC tumor and normal tissues from ArrayExpress, GEO and TCGA databases. F-H. 
Expression profiles of NCAPD2 in HCC patients stratified based on tumor grade, stage and nodal metastasis criteria. 
I. DNA promoter methylation of NCAPD2 in HCC tumor and normal tissues. J-M. The K-M curves of OS, RFS, PFS and 
DSS in HCC patients with high and low NCAPD2 expression.

0.001, Figure 4C). qRT-PCR and Western blot 
results confirmed that mRNA and protein levels 
of NCAPD2 were significantly higher in the HG 

groups compared to the LG groups (P < 0.001, 
Figure 4D, 4E), showing that high glucose 
upregulated NCAPD2 expression in HCC cells.
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Table 3. Relationship between NCAPD2 expression and clinico-
pathological parameters of HCC patients from TCGA database

Characteristics Low expression 
of NCAPD2

High expression 
of NCAPD2 P value

n 185 186
Gender, n (%) 0.065
    Female 52 (43.0%) 69 (57.0%)
    Male 133 (53.2%) 117 (46.8%)
Age, n (%) 0.005**

    ≤ 60 75 (42.4%) 102 (57.6%)
    > 60 110 (57.0%) 83 (43.0%)
Weight, n (%) 0.009**

    ≤ 70 80 (44.0%) 102 (56.0%)
    > 70 94 (58.0%) 68 (42.0%)
Height, n (%) 0.098
    ≤ 170 101 (47.8%) 115 (52.2%)
    > 170 69 (56.1%) 54 (43.9%)
BMI, n (%) 0.042*

    ≤ 25 80 (45.2%) 97 (54.8%)
    > 25 89 (56.3%) 69 (43.7%)
Pathologic T stage, n (%) 0.007**

    T1 105 (58.0%) 76 (42.0%)
    T2 43 (45.7%) 51 (54.3%)
    T3 29 (36.2%) 51 (63.8%)
    T4 5 (38.5%) 8 (61.5%)
Pathologic N stage, n (%) 0.394
    N0 117 (46.4%) 135 (53.6%)
    N1 1 (25%) 3 (75%)
Pathologic M stage, n (%) 0.279
    M0 127 (47.7%) 139 (52.3%)
    M1 3 (75%) 1 (25%)
Pathologic stage, n (%) 0.001**

    Stage I 98 (57.3%) 73 (42.7%)
    Stage II 40 (46.5%) 46 (53.5%)
    Stage III 28 (32.9%) 57 (67.1%)
    Stage IV 4 (80%) 1 (20%)
Histologic grade, n (%) < 0.001***

    G1 38 (69.1%) 17 (30.9%)
    G2 98 (55.4%) 79 (44.6%)
    G3 43 (35.2%) 79 (64.8%)
    G4 4 (33.3%) 8 (66.7%)
*P < 0.05, **P < 0.01, ***P < 0.001.

High glucose promoted malignant behaviors 
and EMT in HCC cells

EdU assay was performed to evaluate the 
effects of HG conditions on the proliferation 
abilities of HCC cells. The EdU assay revealed a 
significantly higher EdU positive rate in Huh7 

and SNU449 cells treated with 
HG (P < 0.001, Figure 5A). 
Transwell migration and wound 
healing assays were performed 
to evaluate migration ability. 
Results indicated that HG con-
ditions enhanced the migration 
ability of HCC cells, with a  
greater number of migrated 
cells and a longer healing dis-
tance than cells in LG groups  
(P < 0.01, Figure 5B, 5C). The 
Transwell invasion assay dem-
onstrated a stronger invasion 
capability in HG groups than 
those in LG groups (P < 0.001, 
Figure 5B).

Previous studies have shown 
that high glucose induces EMT 
in multiple cancer cells. We 
examined the EMT status under 
our HG condition. Western blot 
analysis of EMT biomarkers 
confirmed the initiation of EMT 
in HCC cells treated with HG, 
accompanied with the upregu-
lation of mesenchymal mar- 
kers (Vimentin, N-cadherin) and  
the downregulation of epithelial  
biomarkers (E-cadherin) (Figure 
5D). Cellular co-location IF sta- 
ining with E-cadherin, Vimentin, 
and N-cadherin corroborated 
Western blot results (P < 0.001, 
Figure 5E).

Knockdown of NCAPD2 attenu-
ated the effects on malignant 
behaviors and EMT promoted 
by HG

We conducted in vitro experi-
ments to determine whether 
NCAPD2 regulate the biological 
effects exerted by HG. SiRNAs 
targeting NCAPD2 (siNCAPD2) 
and a corresponding negative 

control (siNC) were designed and transfected 
into Huh7 and SNU449 cells. qRT-PCR and 
Western blot confirmed the transfection effi-
ciency in both HCC cells (P < 0.001, Figure 6A, 
6B). HCC cells were then cultured in HG. 
Knockdown of NCAPD2 resulted in weakened 
proliferative ability at 24 hours, 48 hours, and 
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Figure 4. High glucose upregulated the expression of NCAPD2. A. The relative mRNA expression of NCAPD2 in differ-
ent HCC cells and normal liver cell L02. B. The protein expression of NCAPD2 in different HCC cells and normal liver 
cell L02. C. CCK-8 assay detected the cell viability of HCC cells treated with different concentration of glucose. D, E. 
The mRNA and protein expression of NCAPD2 in HCC cells treated with high glucose. ***P < 0.001.

72 hours compared to the negative control 
groups (P < 0.001, Figure 6C). The number of 

EdU positive cells and formed colonies were 
significantly lower in the siNCAPD2 groups than 
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Figure 5. High glucose promoted the malignant phenotypes and EMT of HCC cells. A. EdU assay detected the 
proliferation of HCC cells treated with different concentration of glucose. B. Transwell migration (upper) and inva-
sion (lower) assays reflected the migrative and invasive abilities of HCC cells in different concentration of glucose. 
C. Wound healing assay explored the effects of high and low glucose on HCC migration. D. EMT-related markers 
detected by Western blot in HCC cells treated with different concentration of glucose. E. Cellular IF reflected the co-
location and expression of E-cadherin, Vimentin and N-cadherin in HCC cells treated with different concentration of 
glucose. **P < 0.01, ***P < 0.001.
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Figure 6. Knockdown of NCAPD2 reversed the effects on malignant phenotypes of HCC cells induced by high glu-
cose. A, B. The transfected efficiency of NCAPD2 was confirmed by qRT-PCR and Western blot. C-E. Knockdown of 
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NCAPD2 inhibited the proliferation in HCC cells subjected into high glucose condition by CCK-8 (C), EdU (D) and 
colony formation (E) assays. F, G. Knockdown of NCAPD2 inhibited the migration and invasion in HCC cells subjected  
into high glucose condition by transwell migration/invasion (F) and wound healing (G) assays. **P < 0.01, ***P < 
0.001.

Figure 7. Knockdown of NCAPD2 reversed the effects on EMT of HCC cells induced by high glucose. A, B. Knockdown 
of NCAPD2 inhibited the EMT in HCC cells subjected into high glucose condition by Western blot (A) and IF (B) as-
says. ***P < 0.001.

in the siNC groups (P < 0.001, Figure 6D, 6E). 
The migration and invasion capacities were 
also significantly reduced in the siNCAPD2 
groups compared to the siNC groups (P <  
0.001, Figure 6F), as well as the healing rate  
(P < 0.01, Figure 6G). These results suggested 
that knockdown of NCAPD2 suppressed the 
proliferation, migration, and invasion of HCC 
cells cultured in HG.

We further investigated whether NCAPD2 is 
involved in HG-induced EMT. As shown in Figure 
7A and 7B, EMT biomarkers detected by 
Western blot and IF revealed that NCAPD2 
knockdown led to an increased expression  
of epithelial biomarker E-cadherin and a 
decreased expression of mesenchymal mark-
ers (Vimentin, N-cadherin), suggesting that 
NCAPD2 reversed the EMT induced by HG 
condition.

Functional enrichment and PPI network of 
NCAPD2

To better understand the underlying functions 
and mechanisms of NCAPD2 in cancer, we 
used the GeneMANIA database to identify 
genes with similar functions and potential inter-
actions with NCAPD2. The PPI network of NCA- 
PD2 was established with GeneMANIA, sug-
gesting potential interactions between NC- 
APD2 and genes such as NCAPG, SMC4, NCA- 
PH, SMC2, NCAPD3, CSNK2A1, and CSNK2A2 
(Figure 8A). To further explore the potential bio-
logical function of NCAPD2, we screened the 
top NCAPD2-related 300 genes using the GEPIA 
2.0 database. Functional enrichment indicated 
that NCAPD2 might be involved in positively 
regulating the cell cycle (Figure 8B, 8C). The 
five most enriched functions included the 
mitotic cell cycle, cell cycle, regulation of cell 
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cycle processes, cell cycle checkpoints, and 
DNA metabolic process (Figure 8B, 8C).

Given that NCAPD2 knockdown inhibited prolif-
eration, motility, and EMT in HCC cells, and con-

Figure 8. PPI and functional enrichment analysis of NCAPD2. A. PPI network of NCAPD2 and interacted genes via 
GeneMANIA. B, C. Metascape analysis of the potential biological functions of NCAPD2 in HCC. D, E. NCAPD2 expres-
sion was positively correlated with EMT (D) and Wnt/β-catenin pathway (E). F. Knockdown of NCAPD2 inhibited the 
protein expression of Wnt/β-catenin pathway. G. The entry of β-catenin into the nucleus decreased after NCAPD2 
knockdown.



NCAPD2 promotes HCC progression

1703 Am J Cancer Res 2024;14(4):1685-1711

sidering NCAPG, the most likely interacting 
gene in the PPI network, regulates EMT via the 
Wnt/β-catenin pathway, combining the impor-
tant role of Wnt/β-catenin pathway in EMT, we 
explored the relationship of NCAPD2 with key 
components of EMT and the Wnt/β-catenin 
pathway. NCAPD2 showed positive correlations 
with EMT (r = 0.14, P = 0.007, Figure 8D) and 
Wnt/β-catenin pathway (r = 0.327, P = 1.02e-
10, Figure 8E), indicating that NCAPD2 may 
regulate EMT through the Wnt/β-catenin path-
way in HCC cells. Western blot analysis con-
firmed that NCAPD2 downregulation inhibited 
the expression of β-catenin, CyclinD1, and 
c-Myc in Huh7 and SNU449 cells (Figure 8F). 
Additionally, cellular IF indicated a signifi- 
cant reduction in nuclear β-catenin following 
NCAPD2 knockdown (Figure 8G), suggesting 
that NCAPD2 may regulate HCC progression 
through the Wnt/β-catenin pathway.

Knockdown of NCAPD2 suppressed HCC pro-
gression in vivo

To further confirm the role of NCAPD2 in pro-
moting HCC proliferation and regulating the 
Wnt/β-catenin pathway, we established a xeno-
graft subcutaneous model by stably infecting 
Huh7 cells with NCAPD2 shRNA lentivirus (sh-
NCAPD2 group) or negative control shRNA lenti-
virus (sh-NC group). Knockdown efficiency was 
verified by qRT-PCR and Western blot (P < 
0.001, Figure 9A, 9B). After 21 days of implan-
tation, mice in the sh-NC group exhibited signifi-
cantly larger tumor volumes and weights com-
pared to the sh-NCAPD2 group (P < 0.001, 
Figure 9C). Additionally, tumor tissues in sh-NC 
group displayed higher expression of Ki67, 
β-catenin, and NCAPD2 compared to tumor tis-
sues from the sh-NCAPD2 groups (Figure 9D). 
These results suggested that downregulation 
of NCAPD2 inhibited the growth of HCC cells in 
vivo through the Wnt/β-catenin pathway.

TME and immune cell infiltration analysis of 
NCAPD2

Given the significant impact of immune res- 
ponse on patient prognosis and treatment deci-
sion, we focused on the relationship between 
NCAPD2 and tumor immune microenvironment, 
which is considered to be a key regulator in 
immunotherapy response. We explored the 
pan-cancer correlation between NCAPD2 and 
multiple immunomodulatory genes, including 
immune checkpoints, chemokines, chemokine 

receptors, MHCs, immunosuppressors, and 
immune activators.

We found that the expression of NCAPD2 was 
significantly correlated with immune check-
point genes and immunomodulatory genes in a 
variety of cancers (Figure 10A, 10B). Speci- 
fically, in HCC, 56 out of 60 immune checkpoint 
genes, such as the stimulatory HMGB1, 
TNFSF4, and TLR4, were significantly positively 
correlated with NCAPD2 expression (r > 0, P < 
0.05, Figure 10A). Furthermore, we found that 
NCAPD2 expression was positively correlated 
with immunomodulatory genes in a pan-cancer 
analysis (r > 0, P < 0.05, Figure 10B). In HCC, a 
total 133 out of 150 immunomodulatory genes 
were associated with NCAPD2 expression, 
especially chemokines and chemokine recep-
tors such as CX3CL1, CXCL16, CXCL5, and IL6R 
(P < 0.05, Figure 10B).

Immune cells play a crucial role in shaping the 
immune microenvironment. To evaluate the 
infiltration landscape of 22 tumor microenvi-
ronment (TME) cells between high and low 
NCAPD2 expression in HCC, we utilized the 
CIBERSORT algorithm. Significant differences 
in immune cell infiltration were observed 
between groups with differing NCAPD2 expres-
sion levels. High NCAPD2 expression was asso-
ciated with infiltration levels of monocytes  
(P < 0.05, Figure 10C) and resting mast cells  
(P < 0.05, Figure 10C). Furthermore, the corre-
lation between NCAPD2 and ICPs (PDCD1 and 
CTLA4), as well as immune cells, was analyzed 
using the TIMER database. We found that 
NCAPD2 positively correlated with PDCD1 (r = 
0.356, P < 0.001, Figure 10D) and CTLA4 (r = 
0.318, P < 0.001, Figure 10E). Additionally, 
NCAPD2 expression showed signifi cantly posi-
tive correlations with dendritic cells (r = 0.525, 
P < 0.001, Figure 10F), macrophages (r = 
0.497, P < 0.001, Figure 10F), B cells (r = 
0.473, P < 0.001, Figure 10F), neutrophils (r = 
0.446, P < 0.001, Figure 10F), CD4+ T cells  
(r = 0.426, P < 0.001, Figure 10F), and CD8+  
T cells (r = 0.369, P < 0.001, Figure 10F). 
Moreover, the impact of CNA types and the  
infiltration levels of immune cells were investi-
gated to elucidate the underlying mechanism of 
NCAPD2-involved immune cell infiltration. Arm-
level deletion of NCAPD2 significantly influ-
enced the infiltration levels of B cells, CD8+ T 
cells, and dendritic cells (P < 0.05, Figure 10G). 
These results indicated that NCAPD2 served as 
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a pivotal regulator in the immune microenviron-
ment of HCC through arm-level deletion.

Relationship between NCAPD2 expression and 
drug sensitivity

To improve the clinical practicability of NCAPD2, 
we explored its pharmaceutical implications by 

predicting the IC50 of anti-cancer drugs between 
high and low NCAPD2 expression groups. As 
shown in Figure 11, NCAPD2 expression was 
negatively associated with the efficacy of most 
anticancer drugs, including Sorafenib, XL-184, 
Sunitinib, Doxorubicin, Paclitaxel, Vinorelbine, 
Obatoclax (P < 0.001, Figure 11A-T), suggest-
ing that these drugs, commonly used in HCC 

Figure 9. Down-regulation of NCAPD2 suppressed HCC progression in vivo. The xenograft subcutaneous model 
was constructed by stably infecting Huh7 cells with sh-NCAPD2 or sh-NC. A, B. qRT-PCR and Western blot analysis 
confirmed the efficiency of NCAPD2 knockdown by shRNA in vivo in Huh7 cells. C. Tumor volume and tumor weight 
of xenograft tumors in two groups were measured (n = 5). D. Representative images of HE, Ki67, NCAPD2 and 
β-catenin expression in tumors from a xenograft subcutaneous model detected by IHC staining. ***P < 0.001.
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Figure 10. Correlation between NCAPD2 expression and immune immunomodulatory genes and TME immune infil-
tration. A. The relationship between NCAPD2 expression and pan-cancer immune checkpoints. B. The relationship 
between NCAPD2 expression and pan-cancer immunomodulatory genes. C. The infiltrated landscape of 22 immune 
cells in HCC with differential expression of NCAPD2. D. Correlation between NCAPD2 and PDCD1. E. Correlation 
between NCAPD2 and CTLA4. F. The relationship between NCAPD2 expression and TME immune cells infiltration. 
G. The relationship between immune cells infiltration and different CNAs types of NCAPD2. *P < 0.05, **P < 0.01.

Figure 11. NCAPD2 was negatively correlated with the IC50 values of anticancer drugs. A-T. Detailed correlation 
analysis of 20 drug sensitivity and differential NCAPD2 expression.



NCAPD2 promotes HCC progression

1707 Am J Cancer Res 2024;14(4):1685-1711

treatment, exhibit higher sensitivity in groups 
with high NCAPD2 expression.

Discussion

HCC is a complex disease characterized by a 
poor prognosis and involves various molecular 
mechanisms. Epidemiological studies have 
shown that DM more than doubles the risk of 
hepatocarcinogenesis across different popula-
tions [5, 22, 23]. However, the underlying 
mechanisms remain to be elucidated. Thus, 
uncovering novel interactions between these 
two conditions could potentially enhance thera-
peutic effectiveness and improve the progno-
sis for HCC patients with concurrent DM.

Cancer cells require substantial energy to sup-
port rapid growth and expansion, primarily 
derived from glucose. Therefore, metabolic dis-
orders such as persistent hyperglycemia, a 
hallmark of DM, are recognized as significant 
contributors to the onset and progression of 
HCC. Previous literature has underscored the 
role of hyperglycemia in the poor prognosis of 
HCC patients with DM, noting that reducing 
blood glucose levels can improve patient sur-
vival. High glucose levels are known to promote 
the proliferation, migration, and invasion of 
HCC cells, whereas glucose deprivation or 
reduction through metformin inhibits these 
malignant behaviors. Additionally, high glucose 
has been reported to trigger EMT, facilitating 
the malignant behaviors of several tumors 
through aberrant regulation of oncogenes or 
signaling pathways. Our findings corroborate 
evidence that high glucose (25 mmol/L) 
enhances the proliferation, migration, and inva-
sion of HCC cells and promotes EMT progres-
sion compared to cells cultured in low glucose 
(5.6 mmol/L). However, the molecular mecha-
nisms linking hyperglycemia-induced EMT to 
HCC remain to be fully elucidated.

NCAPD2, a regulatory subunit of the condensin 
I complex, was initially implicated in chromo-
some condensation and segregation and has 
recently been identified as a cancer promoter. 
Aberrant overexpression of NCAPD2 has been 
recognized as a prognostic factor in colorectal 
and breast cancers [19, 20]. Bioinformatic 
analyses based on RNA-seq data from public 
databases have also shown frequent overex-
pression of NCAPD2 in various tumors [21, 24]. 
However, the expression pattern and clinical 

significance of NCAPD2 in HCC patients, par-
ticularly those with DM, need further explora-
tion. We confirmed the overexpression of 
NCAPD2 in HCC tumor tissues, which positively 
correlates with poor clinicopathological fea-
tures and prognosis in both our local cohorts 
and multiple public databases, supporting its 
oncogenic role in HCC. DNA methylation, a com-
mon epigenetic modification, affects chromatin 
structure, DNA conformation, DNA stability, and 
DNA-protein interactions, thereby controlling 
gene expression and playing a critical role in 
tumorigenesis and progression of various can-
cers [25]. Decreased DNA methylation leads to 
reduced gene expression, while demethylation 
can reactivate gene expression. Consistently, 
we observed a lower promoter methylation of 
NCAPD2 in HCC tumor compared to normal tis-
sues, which may explain the aberrant overex-
pression of NCAPD2 in HCC. Somatic mutation 
is another factor contributing to tumorigenesis 
and the poor prognosis of HCC patients [26]. 
We observed a 6% genetic alteration rate of 
NCAPD2 in HCC. TP53, a key tumor suppressor 
implicated in HCC, is closely related to HCC 
development [27]. Our results showed that 
TP53 mutation frequency was higher in HCC 
tumors than in normal tissues, with a 38% 
mutation frequency observed in the high 
NCAPD2 expression group and only 14% in the 
low NCAPD2 expression group. Notably, sub-
group analysis of local clinical samples revealed 
significantly higher NCAPD2 expression in HCC 
patients with DM than those without, suggest-
ing NCAPD2 as a critical link between HCC and 
DM and a poor prognostic indicator for HCC 
patients. DNA methylation and genetic altera-
tions may be primary factors behind the aber-
rant expression and impact of NCAPD2 on HCC 
progression.

EMT is a common process observed in various 
tumors. Epithelial tumor cells undergoing  
EMT acquire aggressive mesenchymal traits, 
enabling them to migrate from the primary site 
to distant metastatic sites by altering their  
cytoskeleton and structure [28-31]. During 
EMT, the expression of epithelial biomarkers 
such as E-cadherin is suppressed while the 
specific proteins representing mesenchymal 
features accumulate [32]. Previous studies 
revealed that NCAPD2 blocked autophagic flux 
to exert tumor promoter effects in colorectal 
cancer via the Ca2+/CAMKK/AMPK/mTORC1 
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pathway and PARP-1/SIRT1 [19]. NCAPD2 facili-
tated the progression of breast cancer by inter-
acting with E2F1 to activate the transcriptional 
activity of CDK1 [20]. Based on bioinformatics 
analysis, previous studies have suggested that 
NCAPD2 primarily regulates the cell cycle in 
liver cancer, though empirical validation has 
been limited [24].

In this study, we provided evidence of a novel 
mechanism by which NACPD2 is involved in the 
regulation of EMT in HCC. Accompanied by 
changes in EMT markers, our experiments con-
firmed that knockdown of NCAPD2 suppressed 
malignant behaviors and EMT under high glu-
cose conditions. We found that NCAPD2 was 
closely associated with the Wnt/β-catenin sig-
naling pathway. There is a growing body of evi-
dence suggesting that activation of the Wnt/β-
catenin pathway promotes cell proliferation, 
migration, and stem cell renewal, contributing 
to the malignant progression of various can-
cers [11, 12]. β-catenin, which forms tight inter-
cellular adhesions with E-cadherin, serves as a 
key transcriptional coactivator in the canonical 
Wnt signaling pathway by translocating from 
the cytoplasm to the nucleus to bind to TCF1/
LEF1 [9]. The loss of E-cadherin disrupts the 
focal adhesion junction between E-cadherin 
and β-catenin, resulting in an increase of cell 
mobility. Moreover, the activation of down-
stream target genes such as CyclinD1, MMP7, 
and c-Myc has been implicated in promoting 
tumor growth by regulating cell cycle, apopto-
sis, or extracellular matrix remodeling [33]. 
Importantly, the translocation of β-catenin  
into the nucleus activates the Wnt/β-catenin 
signaling pathway, thereby triggering the EMT 
process [28]. Reportly, the translocation of 
β-catenin into cell nucleus activates the Wnt/β-
catenin signaling pathway, thus triggering the 
EMT process [34]. Furthermore, studies have 
indicated that overexpression of LRP16 blocks 
the nuclear entry of β-catenin, regulating Wnt/
β-catenin signaling to inhibit tumor growth in 
HCC [35]. Our study demonstrated that NCAP- 
D2 knockdown reduced the expression of key 
components in the Wnt/β-catenin signaling 
pathway and decreased the nuclear entry of 
β-catenin, as shown by immunofluorescence 
experiments, suggesting that NCAPD2 pro-
motes HCC progression and EMT through the 
regulation of Wnt/β-catenin signaling. Consis- 
tently, functional enrichment analysis in our 

study highlighted NCAPD2-mediated cell cycle 
regulation. Additionally, the PPI network we 
constructed revealed that NCAPD2 primarily 
interacts with NCAPDG, which has been report-
ed to promote tumor progression by facilitating 
EMT via Wnt/β-catenin signaling [36, 37],  
further supporting a potential mechanism of 
NCAPD2 acting through the Wnt signaling path-
way in HCC.

Due to the complexity of HCC, the efficacy of 
current treatment modalities remains relatively 
limited. Recent treatments based on immune 
checkpoints (ICPs) have emerged as significant 
breakthroughs in cancer therapy [38]. The com-
plex tumor immune microenvironment (TME) 
plays a crucial role in the response to immuno-
therapy and tumor progression. Chemokines 
are critical for immune response and progres-
sion of HCC by controlling the mobility and 
recruitment of immune cells to tumors. CX3CL1 
has been reported to promote the metastasis 
of HCC by binding to its receptor CXCR3, facili-
tating the differentiation of monocytes into M2 
macrophages [39]. The SOX9/CXCL5 axis con-
tributes to the proliferation and invasion of HCC 
cells increasing the infiltration of neutrophils 
and macrophages [40]. We demonstrated a 
positive association between NCAPD2 expres-
sion and levels of CX3CL1 and CXCL5. Fur- 
thermore, NCAPD2 was strongly related to the 
infiltration of neutrophil and macrophage, sug-
gesting a potential regulatory mechanism of 
NCAPD2 on HCC immune responses.

Another potential molecular mechanism con-
tributing to poor prognosis in HCC patients with 
high NCAPD2 expression is bidirectional regula-
tory effects between EMT and the TME [41,  
42]. EMT is reported to be involved in the acti-
vation of ICPs, including PD-1 and CTLA4, 
through suppressing immune cells infiltration 
or crosstalk with stromal immune cells [43, 44]. 
Conversely, immune or stromal cells in the TME 
have been shown to regulate EMT progression. 
For instance, it is reported that tumor-associat-
ed macrophages (TAMs) promote EMT, thereby 
facilitating HCC progression through Wnt2b/β-
catenin/c-Myc signaling and glycolysis regula-
tion [45]. An association between poor survival 
of HCC patients and increased macrophage 
density was observed [46]. M2 macrophages 
have also been reported to induce EMT through 
the secretion of various cytokines, and regula-
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tory T (Treg) cells were more commonly found in 
mesenchymal layers [47, 48]. Additionally, cells 
with mesenchymal phenotype are less suscep-
tible to attack by CD8+ T or natural killer (NK) 
cells, resulting in tumor progression [47, 49, 
50]. In this study, we showed that NCAPD2 was 
positively associated with numerous ICPs 
(including PDCD1 and CTLA4) and immune cells 
infiltration by macrophages, CD8+ T, dendritic 
cell, and B cells, reinforcing the specific role of 
NCAPD2 in mediating communication between 
HCC prognosis and TME. Further experimental 
studies are needed to confirm the effects of 
NCAPD2 on TME and drug sensitivity in HCC.

Conclusion

In this study, we identified the overexpression 
of NCAPD2 in both HCC tumors and cell lines, 
particularly in cases of HCC accompanied by 
DM. NCAPD2 emerged as a critical regulator of 
the malignant behaviors of HCC cells under 
hyperglycemic conditions through the Wnt  
signaling pathway, revealing novel crosstalk 
between HCC and DM for the first time. NCAPD2 
was associated with poor prognosis of HCC 
patients and was closely linked to the TME. 
Therefore, NCAPD2 presents itself as a novel, 
important therapeutic target for inhibiting the 
progression of HCC in clinical settings. Future 
studies involving larger patient cohorts are rec-
ommended to further investigate this crucial 
link.
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Supplementary Figure 1. A. The transfection efficiency of siRNAs was detected and confirmed by qRT-PCR and West-
ern blot. B. qRT-PCR assay showed a time-dependent increase in the mRNA expression of NCAPD2 in HG groups as 
compared with cells grown in LG. *P < 0.05, **P < 0.01, ***P < 0.001.


