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ABSTRACT ARTICLE HISTORY

A growing number of studies haveshown the prognostic importance of Cell division cycle protein Received 25 May 2023
45 (CDC45) inhepatocellular carcinoma (HCC). This study aims to investigate the biologicalfunc- ~ Revised 7 October 2023
tion and mechanism of CDC45 in HCC. The differential expression and prognostic significance ~ Accepted 9 October 2023
ofCDC45 in HCC and normal tissues were analyzed by bioinformatics. CDC45 wasknocked down KEYWORDS

and the biological effects of CDC45 in HCC in vitro andin vivo were measured. Subsequently, using HCC; IGF2BP2; CDC45
RNA m6A colorimetry and Methylated RNA Immunoprecipitation (MeRIP),the levels of m6A

modification of total RNA and CDC45 were evaluated in cells.RIP was applied to establish that

CDC45 and insulin-like growth factor 2mRNA-binding protein 2 (IGF2BP2) interact. A test using

actinomycin D wasperformed to gauge the stability of the CDC45 mRNA. Furthermore, the

regulatoryrole of IGF2BP2 on CDC45 expression in HCC progression was explored byoverexpres-

sing IGF2BP2. Highexpression of CDC45 was correlated with poor prognosis in HCC patients.

Knocking down CDC45 inhibited HCC cell proliferation, migration, invasion, EMT,stemness, and

glycolysis, and promoted apoptosis, which was verified through invitro experiments. Additionally,

IGF2BP2 was highly expressed in HCC cells,and it was found to interact with CDC45. Knocking

down IGF2BP2 resulted inreduced stability of CDC45 mRNA. Moreover, overexpression of IGF2BP2

promotedHCC cell proliferation, migration, invasion, EMT, stemness, and glycolysis,while inhibiting

apoptosis, which was reversed by knocking down CDC45. In general, IGF2BP2 promoted HCC

glycolysis and stemness bystabilizing CDC45 mRNA via m6A modification.
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Introduction

Hepatocellular carcinoma (HCC) is accountable for
the majority of cancer-related deaths globally and is
also the primary cause of cirrhosis-related deaths.
Despite progress in HCC therapy, the 5-year relative
survival rate for HCC patients remains poor [1-3].
A variety of genetic and epigenetic connections dic-
tate the complicated process of HCC development
[4-6]. Hence, uncovering the pathogenesis of HCC
is crucial for identifying novel diagnostic biomarkers
and therapeutic targets.

The most prevalent mRNA modification in
eukaryotic cells is N6-methyladenosine (m6A),
which performs essential functions in regulating
various mRNA processes including processing,
splicing, nucleation, transport, translation, and
stability. This modification is crucial for the
development of several human diseases, includ-
ing cancer [7]. Research has established
a correlation between m6A and HCC, both in
terms of its occurrence and development [8].
Cancer metabolic reprogramming, especially
aerobic glycolysis, has become a hallmark of
cancer progression [9]. It has been reported
that the metabolic reprogramming of HCC cells
is induced by HBXIP, which mediates m6A
modification of HIF-la through METTL3 [10].
Another study reported that CircRHBDDI
enhances HCC glycolysis and limits the efficacy
of immunotherapy by promoting m6A reader
YTHDF1-mediated PIK3R1 translation [11].
Additionally, abnormal expression of human
insulin-like growth factor 2 mRNA binding pro-
tein 2 (IGF2BP2), an m6A “reader”, has been
linked to excessive cell proliferation and
a negative prognosis in HCC [12]. However,
whether IGF2BP2 regulates the glycolysis pro-
cess of HCC remains unclear and needs further
study.

Genes involved in the cell division cycle are
crucial for life processes, and their dysregulation
during cell division may lead to malignant
tumors [13]. Cell division cycle 45 (CDC45) is
a significant constituent of eukaryotic DNA
replicators and performs a crucial function in
the CDC45-MCM-GINS (CMG) replicative heli-
case holoenzyme complex [14]. Prior research

has demonstrated the oncogenic nature of
CDC45 in various forms of cancer, including
human papillary thyroid carcinoma [15], non-
small cell lung cancer [16] and colorectal cancer
[17]. Based on transcriptome data and stem cell
index co-expression network analysis, it was
found that CDC45 is a key biomarker related
to HCC stemness characteristics and is linked
to a poor prognosis [18,19]. However, the exact
mechanism of CDC45 action in HCC is unclear
and deserves further exploration.

Given the preceding review, the present article
investigates the function and mechanism of
CDC45 in HCC by means of bioinformatics
analysis, cell studies, and animal experiments.
The aim is to offer a useful point of reference
for future research on this topic.

Material and methods
Bioinformatics analysis

TCGA dataset in the UCSC Xena database
(https://xenabrowser.net/) was selected to obtain
gene expression and clinical data of 370 HCC
patients and 50 nontumor controls. In addition,
we also used the ICGC database (https://dcc.icgc.
org/releases/current/Projects/LIRI-JP) to obtain
gene expression and clinical data of 237 HCC
patients and 201 nontumor controls. RNA
expression profiles were normalized using the
DESeq2 package in R software. The expression
level of CDC45 mRNA in tumor and normal
tissues was compared using an unpaired t-test
in GraphPad Prism 8.0 software, with
a significance threshold set at P <0.05. We also
extracted CDC45 mRNA expression and clinical
characteristics of related patients from TCGA
and ICGC cohorts, such as survival time and
survival status. According to the median expres-
sion level of CDC45 mRNA, patients were
divided into CDC45 high expression group and
CDC45 low expression group. Kaplan-Meier
method was used to analyze the overall survival
(OS) of the two groups to evaluate the relation-
ship between CDC45 expression and the OS of
HCC patients.


https://xenabrowser.net/
https://dcc.icgc.org/releases/current/Projects/LIRI-JP
https://dcc.icgc.org/releases/current/Projects/LIRI-JP

Cell culture

The human HCC cell lines SK-Hep-1 (AW-
CCHO036), HCC-LM3 (AW-CCH210), and
HepG2 (AW-CCHO024), and normal liver cell
line Lx2(AW-CNHO008) were purchased from
Abiowell (China). Huh7 (CL-0120) was pur-
chased from Pricella (China). SK-Hep-1, HCC-
LM3 and HepG2 cells were cultured in MEM
(11095080, Gibco, USA). Huh7 cells were cul-
tured in DEME medium (AW-MCO002). Lx2cells
were cultured in RPMI-1640 medium (AW-
MCO002). All medium were supplemented with
10% fetal bovine serum and 1% penicillin-
streptomycin. Cells were cultured under 5%
CO, at 37°C.

Cell transfection

HonorGene (China) designed and synthesized
sh-IGF2BP2 (HG-HS1007225) plasmid and oe-
IGF2BP2 (HG-HO1007225) plasmid, which
were to inhibit and overexpress the target
IGF2BP2 gene, respectively. The control plas-
mids, sh-NC (HG-shNCO01) and oe-NC (HG-
VPH1305), were purchased from HonorGene.
According to the manufacturer’s protocol,
Lipofectamine 2000 (Invitrogen) was used for
transfection. Briefly, the plasmids (5ul) were
added to a sterile tube containing 95 pl of serum-
free MEM medium. In a separate tube, 5ul of
Lipofectamine 2000 was added to 95 pl of serum-
free MEM medium. After a 5-min incubation at
room temperature, the contents of the two tubes
were combined and mixed thoroughly. The mix-
ture was added evenly to the cell culture wells to
be transfected, ensuring thorough mixing. After
a 6-h incubation at 37°C, the complete culture
medium was replaced. Cells were collected 48 h
post-transfection, and transfection efficiency was
checked using qRT-PCR.

Plasmid construction and lentivirus production

sh-CDC45 (HG-HS1178010) an sh-NC (LV-
shNC) were cloned into lentiviral vectors and co-
transfected it with assistant packaging original
plasmids (psPAX2 and pMD2.G) into 293T cells.
After 6 h of transfection, the medium was changed
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to complete culture medium, and the cells were
further cultured for 48 and 72 h. The supernatant
was collected to prepare lentiviral particles. SK-
Hep-1 cells were seeded in 24-well plates at
a density of 5x10 [4] cells per well until the
confluency reached 70%. The cells were then
infected with lentiviral suspension for 48 h, fol-
lowed by selection using 2pg/ml puromycin.
Forty-eight hours later, puromycin-resistant cells
were  collected, purified, and amplified.
Concurrently, cells were collected, and RNA was
extracted for QRT-PCR identification. Cells identi-
fied as positive were used for subsequent experi-
ments or seed preservation.

Animal experiment

Male BALB/C nude mice, aged 4 weeks, were
obtained from Hunan SJA Experimental Animal
Co., Ltd. Following one week of adaptive feeding,
the mice were haphazardly allocated to one of two
groups: sh-NC or sh-CDC45. The former received
subcutaneous injection of SK-Hep-1 cells trans-
fected with sh-NC while the latter received injec-
tion of SK-Hep-1 cells transfected with sh-CDCA45.
Each mouse was injected with 3 x 10 [6] cells in
a volume of 150l at the left armpit. Tumor
volume was monitored biweekly following implan-
tation [20]. 1.25% pentobarbital was administered
to put the mice into unconsciousness once the
experiment, which lasted 38 days following the
tumor injection, was completed. Tumors were
excised, and the mice were euthanized. All experi-
mental animals used in this study were handled in
accordance with institutional ethical guidelines
and approved by the ethical committee of Hunan
SJA Laboratory Animal Co., Ltd. (ethical approval
number SJA202208011).

Cell counting kit 8 (CCK-8) assay

By allowing the cells to remain in a 0.25% trypsin
digestion solution, the cells were separated into
a single-cell suspension. The resultant suspension
was then seeded with three duplicates of each group
and 5x 10 [3] cells per well onto 96-well plates.
Subsequently, the corresponding intervention was
performed based on the experimental group.
Following a 0, 24, and 48-h culture period, 100 pl
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of medium containing CCK-8 (NU679, DOJINDO,
Japan) was substituted for the original medium.
The cells were then placed in an incubator at
a temperature of 37°C, with 5% CO, for 4h. The
absorbance was measured at 450 nm using a Bio-
Tek microplate reader (MB-530, Heales, China).

Clone formation assay

In the logarithmic growth phase, cells from
each group were dissociated and counted.
Afterward, cell suspension containing 200 cells
per well was injected into each well of a 6-well
plate. The plate contained 1 ml of medium for
cultivation, which had been brought to room
temperature. The cells were cultured at 37°C
and 5% CO, for 2-3 weeks and the culture was
terminated when obvious clones appeared in
the culture plate. Subsequently, cells were deli-
cately washed twice with PBS solution after the
medium had been discarded. 4% paraformalde-
hyde (1 mL) was poured into each well and
used to fix cell for 15min. The fixative was
discarded, and 1 mL crystal violet staining solu-
tion (G1062, Solarbio, China) was added for 30
min. The samples were air-dried and photo-
graphed following a thorough washing of the
background dye under running water to elim-
inate the staining solution.

Wound healing assay

A 6-well plate was taken and a horizontal line
was drawn evenly behind the plate. Following
dissociation, the cells were counted and seeded
into 6-well plates at a concentration of 5x 10 [5]
cells/well. After the plate were covered with cells,
scratches were made perpendicular to the pre-
vious horizontal line. Cell debris was removed
with PBS. DMEM medium with low serum (5%)
was added and cultured at 37°C, under 5% CO,.
The scratch widths were observed and recorded
at 0, 24, and 48h using an inverted biological
microscope (DSZ2000X, Cnmicro, China), with
three fields of view taken at each time point. The
narrower the scratch width, the stronger the cell
migration capability.

Sphere formation assay

Cells underwent processing to form a single-cell sus-
pension which was then distributed into ultra-low
attachment 24-well plates (Costar). Approximately
2x10 [6] cells were cultured in a growth medium
devoid of serum, but enriched with 1:50 B27, EGF (20
ng/ml), essential fibroblast growth factor (20 ng/ml)
and heparin (10 ug/ml). The plate was incubated at
37°C, 5% CO, for 10 days, after which the number of
spheres was quantified and imaged [21].

Transwell assay

The upper chamber was precoated with Matrigel and
incubated at 37°C for 30 min to allow gelling. The
cells were treated with trypsin and then resuspended
in serum-free medium at a concentration of 2 x 10
[6] cells/ml before being seeded into the upper
chamber. The lower chamber was filled with 500 pl
of culture medium containing 10% FBS. After incu-
bating for 48 h at 37°C with 5% CO,, the cells in the
upper chamber were removed using a cotton swab.
The invaded cells were then fixed with 4% parafor-
maldehyde for 20 min and stained with 0.1% crystal
violet for 5 min. Following a rinse with PBS, three
random fields were selected under a microscope and
photographed for observation and counting.

Flow cytometry

To assess cell apoptosis, the FITC apoptosis kit
(KGA1030, KeyGen, China) was used. Cells were
digested with trypsin (without EDTA) and col-
lected as a single-cell suspension. A total of 3.2 x
10 [5] cells were collected and then suspended in
binding buffer (500 ul) following a 5-min centrifu-
gation at 2000 rpm. Subsequently, a mixture was
prepared by combining cell suspension with 5 pl
each of Annexin V-FITC and Propidium Iodide,
and incubation of the resultant mixture in the dark
for 10 min followed. Within one hour, analysis of
the cell apoptosis was conducted using flow cyto-
metry (A00-1-1102, Beckman, USA).

gRT-PCR

To extract RNA, tissue/cells were lysed using
TRIzol (15596026, Thermo, USA) for 3 min.



Table 1. Primer sequences.

Target Gene Primer Sequences Amplicon Length

B-actin FACCCTGAAGTACCCCATCGAG 224 bp
RAGCACAGCCTGGATAGCAAC

CDC45 FGGTGATCCCTGGACCAATCG 180 bp
RGAGGCCACGAAGAGAAGGAC

IGF2BP2 FTTACATCGGGAACCTGAGCC 70 bp
RCAGCTTCCTGTCCCCAAAGA

Following that, 200 ul of chloroform was added,
shaken for 15 s, and settled for 3 min before cen-
trifugation. The upper aqueous phase was collected
and combined with an equal volume of isopropanol
at room temperature for 10 min. After centrifuga-
tion, the supernatant was discarded, and the RNA
pellet was washed with 1 mL of 75% ethanol. The
RNA pellet was air-dried for 5-10 min before being
reconstituted with 20-30 pul of RNase-free water.
The RNA purity was assessed using a NanoDrop
2000 spectrophotometer (Thermo, USA), and the
RNA integrity was evaluated through agarose gel
electrophoresis and Agilent 2100 Bioanalyzer sys-
tem (Agilent Technologies, USA) to ensure the
accuracy and validity of the experimental results.
cDNA was synthesized using an mRNA reverse
transcription kit (CW2569, CWBIO, China) by
reverse transcribing mRNA. The reaction system
consisted of 2 ug of RNA, 4 pl of 5xRT Buftfer, 4 ul
of ANTP Mix (500 uM), 2 ul of RT Primer Mix (0.2
uM), 2 ul of DTT (10 mM), and 1 ul of HiFiScript
(200 U/uL), with a total volume of 20ul and
a concentration of 0.25 ug/pl. The reaction mixture
was incubated at 50°C for 50 min, followed by 85°C
for 5 min. For qRT-PCR amplification, Ultra SYBR
Mixture (CW2601, CWBIO, China) and specific
primer combinations were used, and each reaction
contained 100 ng of cDNA. PCR was performed in
the QuantStudiol qRT-PCR apparatus
(QuantStudiol, Thermo, USA), involving an initial
denaturation at 95°C for 10 min, followed by 40
amplification cycles at 95°C for 15 s and 60°C for
30 s. Post-run melting curve analysis was conducted
to confirm a single product generation. Relative
expression levels of target genes were determined
using the 27**“* calculation method with B-actin
serving as the internal reference gene. Table 1
represents the primer sequences employed in this
investigation.
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Western blot (WB)

To obtain protein samples, cells and tissues were
treated with RIPA lysis buffer (AWB0136, Abiowell,
China) as directed. The protein concentrations of
each group were quantified using the BCA protein
assay kit (BL521A, Biosharp, China). The super-
natant containing protein after electrophoresis
separation was then transferred to a nitrocellulose
membrane, which was subsequently blocked at
room temperature for 1.5h with 5% skimmed
milk powder. Primary antibodies targeting CDC45
(15678-1-AP, 1: 500, Proteintech, USA), IGF2BP2
(11601-1-AP, 1: 5000), N-cadherin (N-cad; 22018-
1-AP, 1: 5000), Vimentin (10366-1-AP, 1: 5000),
E-cadherin (E-cad; 20874-1-AP, 1:5000), CD133 (-
18470-1-AP, 1: 5000), Nanog (14295-1-AP, I:
1500), SOX2 (11064-1-AP, 1: 600), OCT4 (11263~
1-AP, 1: 3000), HIF-1a (ab179483, 1: 1000, Abcam,
UK), HK-2 (22029-1-AP, 1: 4000), GLUT1 (21829-
1-AP, 1: 4000), PKM2 (15822-1-AP, 1: 4000), and
B-actin (66009-1-Ig, 1: 5000), were incubated with
the membrane overnight at 4°C. HRP goat anti-
mouse IgG (SA00001-1,1: 5000) and HRP goat
anti-rabbit IgG (SA00001-2,1: 6000) were incu-
bated for 1.5h at room temperature. Apart from
HIF-1a, all the other antibodies were provided by
Proteintech (USA). The washed samples were ana-
lyzed using ECL color exposure and Odyssey soft-
ware to determine the intensity of the band.

Global mRNA m6A methylation

To determine the global m6A methylation levels,
the m6A RNA Methylation Quantification Kit
(Colorimetric) from Abcam (ab185912) was uti-
lized following the manufacturer’s protocol.
Specifically, the RNA sample was treated with an
alkaline hydrolysis enzyme, and then loaded onto
a capture substrate stick. Subsequently, m6A anti-
body (ab286164, Abcam, UK) were added to the
substrate stick to detect m6A methylation levels.
After washing with buffer, a chromogenic medium
was added to produce a colorimetric signal.
Finally, the intensity of the color reaction was
measured using a spectrophotometer to calculate
the m6A content in the RNA sample.
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Methylated RNA immunoprecipitation PCR
(MeRIP-PCR)

The Magna MeRIP m6A Kit from Millipore was
utilized to measure the level of m6A modifica-
tion in CDC45 mRNA. RNA fragments were
combined with m6A antibody to form RNA-
antibody complexes, which were then captured
using protein A beads. And the samples were
incubated at 4°C for 10 h to facilitate the forma-
tion and stability of the complexes. Protein-RNA
complexes were washed, proteinase K was added,
and the immunoprecipitated RNA level was
quantified using qRT-PCR.

RIP assay

To perform RIP analysis, the Magna RIP kit from
Millipore was used along with IGF2BP2 (11601~
1-AP, Proteintech, USA) or IgG (ab48386, Abcam,
UK) antibodies. Cell lysates were prepared from
1 x 10 [6] cells using 100 ul of RIP lysis buffer, and
incubated with magnetic beads conjugated with
IGF2BP2 antibody or IgG at 4°C for 12h.
Afterward, RNA was isolated, purified, and eluted.
The level of precipitated RNA was obtained using
qRT-PCR.

Actinomycin D experiment

Using the actinomycin D test, the stability of
mRNA in cells was examined. Briefly, mRNA
was collected for qRT-PCR analysis after cells
were treated with 5 pg/mL actinomycin D for 0,
2, 4, 6, and 8h [22].

Biochemical detection

To measure the concentrations of glucose, lactic
acid, and ATP, a set of detection kits were utilized,
including the glucose detection kit (F006-1,
Sigma-Aldrich), the fluorescent lactic acid detec-
tion kit (A019-2-1), and the luminescent ATP
detection kit (A095-1-1). Except for the glucose
detection kit, all other kits were procured from
Nanjing Jiancheng Bioengineering Institute.

Haematoxylin-eosin (HE) staining

To prepare tissue samples for observation, 6
um-thick sections of paraffin-embedded tissue
were dehydrated using graded concentrations of
ethanol and xylene. After a 1-min hematoxylin
staining, the sections were rinsed with distilled
water and blue-shaded using PBS. Eosin staining
was then applied for 1 min followed by a 5-min
alcohol gradient dehydration step (95%-100%).
The sections were then treated with xylene for
10 min before being sealed with neutral gum.
Observation was carried out using a microscope.

Statistical analysis

Utilizing GraphPad Prism 8, statistical analysis was
carried out. For each experiment, we performed
three repetitions and three independent trials to
ensure accuracy and reliability of the data. The
Shapiro-Wilk test and Levene test was applied to
check the normality and homogeneity of variance
of the data. The measurement data are expressed as
mean * standard deviation. The unpaired t-test was
utilized to compare two experimental groups, while
the one-way analysis of variance (ANOVA) was used
to compare differences among more than two
groups. A significance level of P < 0.05 was applied.

Results

Association between high expression of CDC45
and poor prognosis in HCC patients

To begin with, we evaluated the potential association
between CDC45 and HCC prognosis by predicting
the expression of CDC45 in HCC and normal tis-
sues. We analyzed mRNA expression data on
CDC45 in HCC patients from UCSC Xena and
ICGC databases and analyzed the results via a box
plot. As illustrated in Figure 1(a,b), the expression
level of CDC45 was markedly higher in HCC
patients than in the healthy. Moreover, patients
with high CDC45 expression exhibited poorer survi-
val rates than those with low expression, according
to Kaplan-Meier survival curves (Figure 1Ic,d).
Furthermore, we utilized qRT-PCR to quantify
CDC45 expression in LX2 cells and four human
HCC cell lines. As illustrated in Figure le, CDC45
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Figure 1. Association between high expression of CDC45 and poor prognosis in HCC patients. (a) the expression level of CDC45
mRNA is significantly increased in HCC patients compared to normal control samples, as revealed by data from the UCSC Xena
database. (b) data from the ICGC database also indicates a significant upregulation of CDC45 mRNA expression in HCC patients
compared to normal control samples. (c) the survival curve generated from the UCSC Xena database reveals that HCC patients with
high expression of CDC45 present a notably lower overall survival rate than those with low expression. (d) analysis of survival curve
data from the ICGC database demonstrates a correlation between high expression of CDC45 and reduced overall survival in HCC
patients. (e) it was observed that CDC45 expression levels in the four human HCC cell lines (Huh7, SK-Hep-1, HCC-LM3, HepG2) was
significantly higher compared to human normal liver cell line Lx2 using gRT-PCR. *P<.05, **P<.01, ***P<.001, ****P<.0001.
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Figure 2. Knockdown of CDC45 inhibited HCC cell proliferation, migration, invasion and EMT, while promoting apoptosis. (a) gRT-PCR and
WB methods were utilized to detect the expression levels of CDC45 in SK-Hep-1 cells transfected with sh-CDC45#1, sh-CDC45#2, and sh-
CDC45#3. Notably, sh-CDC45#3 demonstrated the most pronounced inhibitory effect on CDC45. (b) the results of the colony formation
assay demonstrated a pronounced reduction in the number of colonies formed by SK-Hep-1 cells transfected with sh-CDC45, as compared
to the sh-NC group. (c) CCK-8 experiments revealed a significant decrease in proliferation ability in SK-Hep-1 cells transfected with sh-
CD(45, in comparison to the sh-NC group. (d) wound healing test showed a significant reduction in the migration ability of SK-Hep-1 cells
transfected with sh-CDC45 compared to the sh-NC group. (e) Transwell assay results exhibited a prominent attenuation of invasive
capacity in SK-Hep-1 cells transfected with sh-CDC45, as compared to the sh-NC group. (f) flow cytometry analysis showed a substantial
increase in apoptosis in SK-Hep-1 cells transfected with sh-CDC45, relative to the sh-NC group. (g) WB analysis indicated a substantial
increase in E-cad protein expression and a significant decrease in N-cad and Vimentin protein expression in SK-Hep-1 cells transfected with
sh-CDC45, relative to the sh-NC group. *P<.05, **P<.01, ***P<.001, ****P<.0001.

expression was highest in SK-Hep-1 cells. Therefore,
we chose to concentrate our study on SK-Hep-1 cells
in further studies. Overall, our findings suggested
that HCC patients with high CDC45 expression
had a worse prognosis.

Knockdown of CDC45 inhibited HCC cell
proliferation, migration, invasion and
epithelial-mesenchymal transition, while
promoted apoptosis

To investigate the impact of CDC45 on HCC cell
proliferation, migration, invasion, and apoptosis,
we constructed three shRNAs targeting CDC45 to
knockdown its expression. We validated their

effectiveness relative to sh-NC through qRT-PCR
and Western blotting (Figure 2a). Among them,
sh-CDC45#3 exhibited a higher knockdown effi-
ciency compared to sh-CDC45#1 and sh-
CDC45#2, which was used for subsequent experi-
ments. We employed clone formation assays and
CCK-8 experiments to evaluate cell proliferation,
and the findings indicated that cell proliferation
was lower in the sh-CDC45 group than in the sh-
NC group within 48 h (Figure 2b,c). The data in
Figure 2d-f demonstrated that HCC cells exhib-
ited reduced invasion and migration abilities
alongside higher apoptosis rates in the sh-CDC45
group versus the sh-NC group. WB analyses were
performed to identify expression levels of EMT
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protein expression levels of CD133, Nanog, SOX2, and OCT4 in SK-Hep-1 cells transfected with sh-CDC45 compared to the sh-NC

group. *P<.05, ¥*P<.01, ***P<.001, ****P<.0001.

biomarkers, and the findings revealed that expres-
sion of E-cad increased while N-cad and Vimentin
expression levels decreased in the sh-CDC45
group compared to the sh-NC group (Figure 2g).
Generally, our investigations revealed that knock-
down of CDC45 inhibited HCC cell proliferation,
migration and invasion and promoted apoptosis,
along with probably impeding EMT.

Knockdown of CDC45 inhibited HCC cell
stemness

We also evaluated the impact of CDC45 on the
stemness of HCC cells. Our results from sphere
formation assays demonstrated that HCC cells in
the sh-CDC45 group exhibited a lower sphere-
formation efficacy (SFE) than those in the sh-NC
group (Figure 3a). Otherwise, we utilized WB to
detect stem-cell surface marker expression and
found that the levels of CD133, Nanog, SOX2,
and OCT4 were lower in the sh-CDC45 group
compared to the sh-NC group (Figure 3b). The
foregoing findings illustrated that CDC45 knock-
down impeded HCC cell stemness.

Knockdown of CDC45 inhibited glycolysis in HCC
cells

It is worth mentioning that reprogramming of gly-
colysis is a known hallmark of cancer metabolism.
Hence, we decided to evaluate the role of CDC45 in
the glycolysis of HCC cells. Our findings (illustrated
in Figure 4a) indicated that the expression of genes

involved in glycolysis, such as HIF-la, HK-2,
GLUTI, and PKM2, was lower in the sh-CDC45
group in comparison with the sh-NC group.
Furthermore, lactic acid and ATP levels were sub-
stantially lower in the sh-CDC45 group compared
to the sh-NC group, while the remaining glucose
levels in the culture medium were the opposite
(Figure 4b-d). These findings revealed that knock-
down of CDC45 inhibited glycolysis in HCC cells.

Knockdown of CDC45 inhibits HCC progression
in vivo

Our study also sought to validate the impact of
CDC45 on HCC progression in vivo. As demon-
strated in Figure 5a-c, tumor volume and weight
in the sh-CDC45 group were relatively lower than
sh-NC group. HE staining revealed a decrease in
tumor cells and an increase in necrotic cells in the
sh-CDC45 group, in contrast to the sh-NC group
(Figure 5d). Additionally, qRT-PCR and WB ana-
lyses revealed reduced CDC45 expression levels in
the sh-CDC45 group as compared to the sh-NC
group, signifying successful construction of
a CDC45-knockdown mouse model in vivo
(Figure 5e). In line with this, WB was also carried
out to evaluate EMT-related markers, stem cell
surface markers, and glycolysis-related genes in
both groups of mice. The outcomes indicated
that the expression levels of N-cad, Vimentin,
CD133, Nanog, SOX2, OCT4, HIF-la, HK-2,
GLUT-1, and PKM2 were reduced, whereas
E-cad expression increased in the sh-CDC45
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Figure 4. Knockdown of CDC45 inhibited glycolysis in HCC cells. (a) WB analysis revealed a significant decrease in the expression
levels of HIF-1a, HK-2, GLUT1, and PKM2 in SK-Hep-1 cells transfected with sh-CDC45 compared to the sh-NC group. (b-d)
biochemical analysis demonstrated a significant decrease in glucose uptake, lactate release, and ATP generation in SK-Hep-1 cells
transfected with sh-CDC45 compared to the sh-NC group. *P<.05, **P<.01, ***P<,001, ****P<.0001.

group, as opposed to the sh-NC group (Figure 5f-
h). Our data indicated that CDC45 knockdown
impeded HCC progression in vivo.

IGF2BP2 affected the stability of CDC45 mRNA

In order to comprehend the underlying mechanism
of CDC45 affecting HCC progression, we con-
ducted investigations into the involvement of m6A
methylation. Firstly, we measured the m6A methy-
lation level of total RNA and CDC45 via colorime-
try and MeRIP, respectively. Our observations
revealed that the m6A methylation level of total
RNA and CDC45 in Lx2cells were lower in com-
parison to those in SK-Hep-1 cells (Figure 6a,b).
Subsequently, we utilized WB to study the differ-
ential expression of m6A binding proteins, includ-
ing METTL3, YTHDF1, YTHDCI, IGF2BP]I,
IGF2BP2, and IGF2BP3, in LX2 and SK-Hep-1
cells. As depicted in Figure 6c, we noted higher
expression levels of these proteins in SK-Hep-1
cells, particularly IGF2BP2. Our findings also indi-
cated the interaction between IGF2BP2 and CDC45

mRNA (Figure 6d). To further explore the regula-
tory relationship between IGF2BP2 and CDC45, we
intervened with IGF2BP2 expression. As demon-
strated in Figure 6e, the knockdown efficiency of
sh-IGF2BP2#2 was found to be higher than that of
sh-IGF2BP2#1 and sh-IGF2BP2#3, and thus it was
used for subsequent experiments. Subsequent
Actinomycin D analysis demonstrated that CDC45
mRNA stability was lower in the sh-IGF2BP2 group
than in the sh-NC group (Figure 6f). Additionally,
we found that the interaction between IGF2BP2
and CDC45 mRNA and the stability of CDC45
mRNA was lower in the sh-IGF2BP2 group relative
to the sh-NC group (Figure 6gh), indicating that
IGF2BP2 playe d a critical role in maintaining the
stability of CDC45 mRNA.

Knockdown of CDC45 reversed the promotion of
IGF2BP2 on proliferation, migration, invasion,
EMT, stemness and glycolysis of HCC cells

Finally, we aimed to investigate the regulatory
function of CDC45 and IGF2BP2 in HCC cell
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proliferation, migration, invasion, EMT, stemness, and invasion abilities were increased in the oe-
and glycolysis. IGF2BP2 was overexpressed while = IGF2BP2 group, while the apoptosis rate
CDC45 was knocked down (Figure 7a). Compared  decreased. However, sh-CDC45 counteracted the
to the oe-NC group, cell proliferation, migration,  effects of oe-IGF2BP2 on these indexes (Figure 7B-
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reduction in m6A modification levels of CDC45 in SK-Hep-1 cells transfected with sh-IGF2BP2 in comparison to the sh-NC group.
*P<.05, ¥*P<.01, ***P<.001, ****P<.,0001.

7F). Additionally, sphere formation assay data
revealed that SFE of HCC cells in the oe-
IGF2BP2 group was substantially greater than
that in the oe-NC group, but this was reversed
after further knockdown of CDC45 (Figure 7h).
Using WB, EMT-related indicators, stem cell sur-
face markers, and glycolysis-related genes for each
group were detected. The findings demonstrated
that in comparison with the oe-NC group, expres-
sion of N-cad, Vimentin, CD133, Nanog, SOX2,

OCT4, HIF-1a, HK-2, GLUT1 and PKM2 in the
oe-IGF2BP2 group increased, while E-cad expres-
sion decreased. Knockdown of CDC45 reversed
the effects of oe-IGF2BP2 on these indicators
(Figure 7g, i-j). As shown in Figure 7K-7 M, the
levels of lactic acid and ATP were significantly
higher in the oe-IGF2BP2 group than in the oe-
NC group. In contrast, the remaining glucose
levels in the culture medium were lower, and
knocking down CDC45 reversed the effects of oe-
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Figure 7a. Knockdown of CDC45 reversed the promotion by IGF2BP2 of HCC cell proliferation, migration, invasion, EMT, cell
stemness and glycolysis. (a) SK-Hep-1 cells transfected with oe-IGF2BP2 and sh-CDC45 were subjected to qRT-PCR and WB analysis to
assess the expression of IGF2BP2 and CDC45. (b) sh-CDC45 reversed the promotive effect of oe-IGF2BP2 on colony formation in SK-
Hep-1 cells. (c) the proliferative effect of oe-IGF2BP2 on SK-Hep-1 cells was reversed by sh-CDC45, as shown by CCK-8 assay. (d)
wound healing assay results demonstrated that sh-CDC45 reversed the promoting effect of oe-IGF2BP2 on the migration of SK-Hep-1
cells. (e) the promotive effect of oe-IGF2BP2 on cell invasion in SK-Hep-1 cells was reversed by sh-CDC45, according to the transwell
assay results. (f) flow cytometry analysis showed that the inhibitory effect of oe-IGF2BP2 on apoptosis in SK-Hep-1 cells was reversed
by sh-CDC45. (g) WB analysis indicated that oe-IGF2BP2 promoted the expression of N-cad and vimentin proteins and inhibited
E-cad expression in SK-Hep-1 cells, which was reversed by sh-CDC45. (h) sphere formation assay results demonstrated that sh-CDC45
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Figure 7b. (Continued).

IGF2BP2 on these indicators. These results showed
that knockdown of CDC45 abolished the promo-
tion of IGF2BP2 on HCC cell proliferation, migra-
tion, invasion, apoptosis, EMT, stemness, and
glycolysis, as well as the inhibition of apoptosis.

Discussion

HCC poses a significant public health burden, being
the leading cause of cancer-related fatalities globally
[2,3]. Furthermore, CDC45’s involvement in HCC
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development has been established, with high levels of
the protein correlating to worse outcomes in HCC
patients [18,19]. Our research revealed elevated
CDC45 expression in HCC tissue, CDC45 knock-
down impeded HCC progression, and IGF2BP2
impacted cell stemness, glycolysis, invasion, migra-
tion, EMT, proliferation and apoptosis by preserving
m6A modification of CDC45. To our knowledge, the
mechanism by which CDC45 acts in HCC has not
been previously reported, which is also the innovation
of this research.

reversed the promotion of sphere-forming ability in SK-Hep-1 cells induced by oe-IGF2BP2. (i) and (j) WB analysis showed that sh-
CDC45 counteracted the promotion of surface markers (CD133, Nanog, SOX2, and OCT4) and glycolysis-related genes (HIF-1a, HK-2,
GLUT1, and PKM2) protein expression by oe-IGF2BP2 in SK-Hep-1 cells. (k) (I) and (m) biochemical analysis results indicated that sh-
CDC45 reversed the promoting effects of oe-IGF2BP2 on glucose uptake, lactate release, and ATP generation in SK-Hep-1 cells.

*P<.05, **P<.01, ***P<.001, ****P<.0001.



Numerous studies have demonstrated that the
occurrence and progression of HCC involve various
well-established biological mechanisms, including
EMT, tumor-mesenchymal interaction, tumor
microenvironment, tumor stem cells, dysregulated
microRNAs, and known signaling pathways [23].
At the cellular level, uncontrolled cell proliferation
and DNA replication are prominent features of can-
cer, triggered by DNA helicase catalysis. Therefore,
in-depth exploration of these distinct molecular
events is essential for understanding their underlying
causes and identifying potential therapeutic targets.
In this context, CDC45, a crucial constituent of the
CMG complex involved in unwinding double-
stranded DNA, plays a pivotal role in regulating the
initiation and elongation stages of eukaryotic DNA
replication [14]. The deletion or dysfunction of
CDC45 leads to cell proliferation inhibition and
even cell death [24,25]. Recently, some bioinfor-
matics studies have observed that CDC45 expression
is significantly up-regulated in most cancers, show-
ing a significant negative correlation with overall
survival. As an illustration, Hu et al. discovered
that CDC45 gene expression was amplified in color-
ectal cancer based on profile analysis, establishing its
use as an independent prognostic indicator in the
disease [26]. Similarly, Huang et al. demonstrated
a positive association between CDC45 and NSCLC
by drawing on co-expression network analysis and
functional evaluation. Moreover, down-regulating
CDC45 expression suppressed the proliferation of
NSCLC cells in vitro and in vivo by interfering with
cell division at the G2/M phase, thus providing evi-
dence supporting the oncogenic role of CDC45 [16].
Additionally, Lu et al. investigated the relationship
between CDC45 and genomic alterations, tumor-
infiltrating immune cells, m6A methylation, and
cancer survival. These findings suggest that CDC45
may be a potential biomarker and target for cancer
treatment [27]. CDC45 expression is heightened in
HCC, with elevated levels and genetic alterations
potentially linked to poorer prognosis in patients
[19,28]. Specifically, in HCC, a subpopulation of
liver cancer cells endowed with stem-like properties
contributes significantly to the unfavorable prog-
nosis observed in patients [29]. These cancer stem
cells drive disease progression, confer resistance to
chemotherapy, and impact the effectiveness of treat-
ments due to their ability to generate tumors from
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small numbers of cells [30,31]. Importantly, glycoly-
sis is a heavily implicated process in the maintenance
of cancer stem cell-like states in some cancer cells,
emphasizing its role in metabolic reprogramming
[32-34]. Fan et al. confirmed that KCNN4 promotes
HCC stemness and progression by enhancing glyco-
lysis [35]. Zhan et al. reported that SNRPB can
induce HCC metabolic reprogramming, increase
aerobic glycolysis, and drive HCC stemness [36].
CDC45 serves as a significant biomarker for HCC
stemness [18]. Despite this, the specific manner in
which CDC45 relates to HCC remains poorly under-
stood. In our research endeavors, we determined
that CDC45 overexpression correlates significantly
to poorer outcomes in HCC patients. Additionally,
knockdown of CDC45 was found to impede HCC
cell invasion, migration, proliferation, EMT, glyco-
lysis, and cell stemness, while promoting apoptosis.

Proteins (methyltransferase, demethylase, and
binding protein) responsible for m6A modification
promote or inhibit cancer, influencing cancer pro-
gression and patient prognoses [37]. For instance,
Shi et al. observed that miR210HG promotes
breast cancer advancement through IGF2BP1-
mediated m6A modification [38]. Furthermore,
Chen et al. discovered that METTL3 prompts col-
orectal cancer progression by impeding anti-tumor
immunity via the m6A-Bhlhe41-Cxcll/Cxcr2
pathway [39]. In contrast, Zhu et al. found that
METTL3 facilitates m6A modification of STEAP2
mRNA in papillary thyroid carcinoma, thereby
inhibiting the disease’s progression [40].
Similarly, there seem to be distinct patterns of
mo6A-related gene expression in HCC and normal
tissues, with such genes potentially impacting
HCC prognosis [8,41]. IGF2BP2, a m6A reader,
is involved in the advancement of cancers such as
breast cancer [42], colorectal cancer [43], glioma
[44], lung cancer [45], pancreatic cancer [46], by
interacting with various RNAs including miRNAs,
mRNAs, and IncRNAs [47]. Pu et al. found that
IGF2BP2 is overexpressed in HCC tissues and is
associated with poor prognosis. They also discov-
ered that IGF2BP2 stabilizes FEN1 mRNA through
m6A-dependent binding, promoting HCC prolif-
eration in both in vitro and in vivo models. These
findings suggest that IGF2BP2 may function as an
oncogene and have the potential to serve as
a biomarker for prognostic prediction in HCC
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[12]. In addition, Wei et al. also found that
IGF2BP2 recognizes 10 key MIRDEGs through
m6A modification and stabilizes their mRNA,
resulting in the up-regulation of these genes,
which will disrupt the normal cell cycle, change
the tumor microenvironment, and promote HCC
progression [48]. Cancer metabolic reprogram-
ming, especially aerobic glycolysis, has become
a hallmark of cancer progression [9]. It has been
reported that the metabolic reprogramming of
HCC cells is induced by HBXIP, which mediates
m6A modification of HIF-la through METTL3
[10]. Another study reported that CircRHBDDI1
enhances HCC glycolysis and limits the efficacy
of immunotherapy by promoting m6A reader
YTHDFI-mediated PIK3R1 translation [11].
Nevertheless, the influence of IGF2BP2 on the
glycolysis process of HCC is yet to be ascertained
by research. In our study, we noted that IGF2BP2
impacted CDC45 mRNA stability. Furthermore,

overexpressing IGF2BP2 served to enhance HCC
cell glycolysis, stemness, invasion, migration, pro-
liferation, and impede apoptosis, which was
reversed upon CDC45 knockdown.

In the past decade, immuno oncology has
undergone a paradigm shift in the treatment of
malignant tumors, including HCC.
Immunotherapy for HCC primarily encompasses
immune checkpoint inhibitors (ICIs), cytokine
therapy, tumor vaccines, and immune cell thera-
pies. Among these, various ongoing clinical
trials, particularly those involving ICIs, have
provided increasing medical evidence for the
clinical application of HCC immunotherapy
[49,50]. A meta-analysis revealed that ICIs sig-
nificantly improved overall survival, progression-
free survival, and overall response rate in HCC
patients compared to standard therapy [51].
Previous studies have demonstrated a positive
or negative correlation between CDC45 and

Cell stemness

CD133, Nanog
Sox2, OCT4

Apoptosis

Invasion

Figure 8. Graphical abstract of this study IGF2BP2 promoted glycolysis and hepatocellular carcinoma stemness by conferring stability

on CDC45 mRNA through m6A modification.



immune cells in various cancer types.
Additionally, in certain cancers, CDC45 expres-
sion has been observed to positively correlate
with microsatellite instability and the expression
of nascent antigens, indicating an association
between CDC45 and the immunological charac-
teristics of diverse tumors [27]. He et al. also
explored the association between CDC45 expres-
sion and tumor infiltrating immune cells in cer-
vical cancer, discovering a close relationship
with specific subsets of immune cells [52].
Consequently, it is crucial to conduct further
investigation into the relationship between
CDC45 expression and immune checkpoint
molecules (such as PD-L1) or immune cell infil-
tration patterns, as well as the impact of CDC45
expression on the immunophenotype of HCC
tumors. This will help us gain a comprehensive
understanding of the potential of CDC45 in
HCC immunotherapy. Moreover, considering
the influence of CDC45 on glycolysis and cancer
stemness, investigating the effects of these cellu-
lar processes on the immunogenicity of HCC
cells would be of significant interest.
Additionally, delving into the immune regula-
tory role of CDC45 in antigen presentation,
T cell activation, and tumor immune evasion
mechanisms would provide vital insights into
the potential synergy between CDC45-targeted
therapy and immunotherapy approaches.

Conclusion

This research centers on investigating the func-
tion and mechanism of CDC45 in HCC,
employing bioinformatics analysis, in vivo, and
in vitro experiments (Figure 8). Our findings
indicated that IGF2BP2 promoted glycolysis
and hepatocellular carcinoma stemness by con-
ferring stability on CDC45 mRNA through m6A
modification. Our findings suggest that CDC45
holds potential as a promising biomarker and
therapeutic target for HCC. However, it is
important to acknowledge the limitations of
this study. Firstly, due to feasibility and resource
constraints, we opted for a small sample size in
our animal experiments, which may introduce
certain limitations. Therefore, in future research,
we plan to expand the sample size to ensure the
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reliability and generalizability of the results.
Additionally, given the increasing importance
of immunotherapy in HCC treatment, it would
be intriguing to investigate the potential interac-
tion between CDC45 and immunotherapy stra-
tegies in HCC. Nevertheless, it is crucial to note
that the current study primarily relied on the
nude mouse model, which lacks an immune
system and fails to replicate the complex inter-
actions of immune cells within the human body
and the impact of immunotherapy. In subse-
quent studies, we aim to employ HCC allogeneic
mouse models that form tumors in immuno-
competent mouse strains to more accurately
assess the interaction between CDC45 and
immunotherapy strategies, providing more valu-
able insights.
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