
RESEARCH PAPER
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ABSTRACT
Pancreatic adenocarcinoma (PAAD) is a common digestive tract malignant tumor with an extremely 
poor prognosis. The survival and prognosis may significantly improve if it is diagnosed early. 
Therefore, identifying biomarkers for early diagnosis is still considered a great clinical challenge in 
PAAD. Cell Division Cycle 25C (CDC25C), a cardinal cell cycle regulatory protein, directly mediates the 
G2/M phase and is intimately implicated in tumor development. In the current study, we aim to 
explore the possible functions of CDC25C and determine the potential role of CDC25C in the early 
diagnosis and prognosis of PAAD. Expression analysis indicated that CDC25C was overexpressed in 
PAAD . In addition, survival analysis revealed a strong correlation between the enhanced expression of 
CDC25C and poor survival in PAAD. Furthermore, pathway analysis showed that CDC25C is related to 
TP53 signaling pathways, glutathione metabolism, and glycolysis. Mechanically, our in vitro experi-
ments verified that CDC25C was capable of promoting cell viability and proliferation. CDC25C 
inhibition increases the accumulation of ROS, inhibits mitochondrial respiration, suppresses glycolysis 
metabolism and reduces GSH levels. To summarize, CDC25C may be involved in energy metabolism 
by maintaining mitochondrial homeostasis. Our results suggested that CDC25C is a potential biolo-
gical marker and promising therapeutic target of PAAD.
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● CDC25C was upregulated in PAAD tissues 
and cell lines which was correlated with 
PAAD prognosis.

● CDC25C was involved in TP53 signaling 
pathways, glutathione metabolism, and 
glycolysis.
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● CDC25C inhibition triggered mitochondrial 
dysfunction and reduced glycolysis 
metabolism.

1. Introduction

The incidence of pancreatic adenocarcinoma 
(PAAD) is increasing by approximately 1% annually 
worldwide, and PAAD ranks third as the reason for 
cancer-related mortality [1,2]. A large part of PAAD 
patients was generally diagnosed at an advanced 
stage owing to insidious and atypical clinical symp-
toms. Despite the development of new medical tech-
nologies and improvements in treatment methods, 
the survival of PAAD patients has not greatly 
improved [3]. Therefore, diagnostic biomarkers 
and therapeutic targets for PAAD are essential for 
preventing the occurrence and development of 
PAAD. Recent evidence suggests circulating tumor 
DNA (ctDNA) is a potential prognostic marker and 
KRAS mutant ctDNA was detected in 62% of pre- 
operative plasma samples [4]. Moreover, tRNA- 
derived small RNAs and microRNAs were also iden-
tified as biomarkers for PAAD [5–7]. Despite the 
increasing biomarkers regarding PAAD, the sensi-
tivity and specificity of them remain unsatisfactory 
[8]. Thus, developing novel effective early diagnostic 
biomarkers for PAAD is crucial.

Previous studies have shown that the CDC25 
phosphatase family, composed of CDC25A, 
CDC25B, and CDC25C in humans, regulates the 
cell cycle progression by dephosphorylating the 
CDK-Cyclin complex [9]. CDC25C, a tyrosine- 
protein phosphatase required for cell cycle pro-
gression, is located in the cytoplasm and can relo-
cate from the cytoplasm to the nucleus during the 
interphase [10]. Current studies have revealed that 
CDC25C has substantial potential applicability for 
early diagnosis and prognosis of tumors; for exam-
ple, CDC25C can predict the response to radio-
therapy in esophageal squamous cell carcinoma 
patients, and forecast the postsurgical survival 
rate of such patients [11,12]. Moreover, the over- 
expression of CDC25C showed a strong correla-
tion with poor prognosis in 1,700 tumor samples 
of breast cancer [13]. Nevertheless, only a few 
studies reported the effect of CDC25C in the 
early diagnosis and prognosis of PAAD.

In this study, we aim to explore the possible 
functions of CDC25C and determine the poten-
tial role of CDC25C in the early diagnosis and 
prognosis of PAAD. By analyzing Gene 
Expression Profiling Interactive Analysis 
(GEPIA) and Oncomine databases, the expres-
sion abundance of CDC25C was dramatically 
elevated in PAAD and negatively associated 
with the PAAD prognosis. Moreover, we discov-
ered that CDC25C was related to glutathione 
metabolism and glycolysis in PAAD. Finally, the 
effects of CDC25C were examined in vitro and 
the results revealed that CDC25C inhibitors 
could hinder cell proliferation, trigger mitochon-
drial dysfunction, and suppress glycolysis meta-
bolism in PAAD cells. In summary, this study 
provides evidence that CDC25C is involved in 
regulating mitochondrial respiration and glycoly-
sis metabolism in PAAD cells. These findings 
demonstrated that CDC25C may be a promising 
diagnostic and prognostic predictive biomarker.

2. Materials and methods

2.1. Gene expression analysis

GEO database was used to analyze the expression 
of CDC25C in PAAD and normal pancreatic tis-
sues [14,15]. We selected 4 GEO chip data sets 
(GSE71729, GSE106189, GSE16515, GSE77435) 
and divided them into two groups to compare 
the expression of CDC25C, each of which con-
tained pancreatic tumor and pancreatic normal 
tissues.

UALCAN is an online tool to analyze the gene 
expression and prognosis based on TCGA data-
base [16,17]. We utilized UALCAN to analyze 
CDC25C expression by different aspects of sam-
ple types, including tumor grade, patient’s race, 
age, methylation level and TP53 mutation status. 
Besides, the expression of CDC25C was also 
confirmed by GEPIA which can process and 
visualize data based on TCGA and GTEx data-
bases [18].

Oncomine is a comprehensive online analysis 
web designed to analyze cancer genetic informa-
tion including differential gene analysis, gene 
expression and clinical correlation analysis. The 
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differential expression of CDC25C between carci-
noma and adjacent tissues was explored by the 
Oncomine database.

2.2. Survival analysis

GEPIA aimed to investigate the relationship 
between CDC25C expression and survival of 
PAAD patients. According to the expression level 
of CDC25C, 178 PAAD patients were divided into 
two groups (high CDC25C expression group and 
low CDC25Cexpression group), and then analyzed 
the difference of disease-free survival and overall 
survival between the two groups.

2.3. CDC25C-Related gene enrichment analysis

STRING is a search tool for retrieving protein 
interaction relationships [19,20]. To elucidate the 
role and signaling pathways of differentially 
expressed genes of PAAD tissues compared with 
non-cancerous tissues, we obtained the top 50 
genes that interact with CDC25C, and then con-
structed the protein-protein interaction networks 
(PPI) through the STRING tool. Moreover, path-
way analysis of the enriched genes was performed 
using Metascape which is a gene function annota-
tion tool based on many metabolic pathway data-
bases [21]. Meanwhile, the GSEA of CDC25C 
function in PAAD was also carried out in 
R software.

2.4. Immune infiltration analysis

CIBERSORT is an online analysis database that 
analyzes the immune cell infiltration in samples 
[22]. In this study, 134 samples that met the cri-
teria for immune infiltration analysis were 
included to analyze the distribution of 22 different 
immune cells in PAAD. Tumor Immune 
Estimation Resource (TIMER) is an online tumor 
immune research tool to reveal the infiltration of 
immunocytes in the tumor microenvironment 
[23]. Immune infiltration analysis of CDC25C 
was conducted by CIBERSORT and TIMER 
databases.

2.5. Chemicals, reagents, and antibodies

Enhanced Cell Counting Kit-8 (CCK8 kit), 
Hoechst 33,258 was acquired from Beyotime 
(Shanghai, China). NSC95397 and NSC663284 
were purchased from MedChemExpress (New 
Jersey, USA). DCF-DA, C11-BODIPY (581/591) 
and MitoSOX were purchased from Thermo 
Fisher Scientific (Waltham, MA). The antibodies 
to CDC25C (ab32444), GAPDH (ab8245), β-Actin 
(ab8226), GRD1 (ab124995), PKM2 (ab89364), 
c-Myc (ab32072), NDUFS3 (ab177471), SDHB 
(ab175225), NDUFV2 (ab183715), COX IV 
(ab202554) were purchased from Abcam. 
GAPDH and β-Actin antibodies were used with 
5000-fold dilution and other antibodies were used 
with 1000-fold dilution.

2.6. Cell culture

SW1990, BXPC3 and HPDE6-C7 cells were sub-
cultured and preserved in our laboratory. The cell 
lines were cultivated in DMEM high glucose med-
ium (Hyclone, USA) supplemented with 10% Fetal 
Bovine Serum (Gibco, USA) and 1% penicillin and 
streptomycin, (Beyotime, China). Cells were then 
cultured at 37°C and 5% CO2.

2.7. Cell viability assay

CCK8 kit was used to detect the cell viability 
according to the product instruction. The seeding 
density of 96-well plates (NEST, China) was 
2 × 104 cells/well. After designed treatments, 
CCK8 was added for 2 h incubation. Finally, the 
microplate reader (Thermo Fisher Scientific, Inc) 
was utilized to measure the absorbance of each 
well at 450 nm.

2.8. Growth curve assay

The growth curve of cells was assayed by the 
CCK8 kit. The cell density was 0.5 × 104 cells/ 
well, and the cells were grown in 96-well plates. 
The cell proliferation was tested at 0, 24, 48 and 
72 h after predesigned treatment. Then add 10 µL 
CCK-8 into each well, and incubate at 37°C in 
a 5% CO2 incubator. Finally, the absorbance of 
each well was detected using a microplate reader.
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2.9. Cell cloning assay

The clonogenic ability of cells was carried out accord-
ing to our previous published paper [24]. The cells 
were collected and seeded on a 12-well plate with 
a density of 2,000 cells/well. After the cells grew in 
the well plate for 14 days, the cells were fixed with 4% 
paraformaldehyde (Leagene, China) for 15 min and 
stained with 0.5% crystal violet for 30 minutes. The 
colonies were imaged using a digital camera and 
counted by the Image J program.

2.10. EdU assay

The 5-ethynyl-2-deoxyuridine (EdU) incorpora-
tion assay was performed using EdU assay kit 
(Beyotime, Shanghai, China). The cells (1 × 105) 
were seeded in a confocal dish (Cellvis, USA) at 
37°C away from light overnight. Next, cells were 
exposed to NSC663284 or NSC95397 (inhibitors of 
CDC25C) for 24 h and incubated with EdU 
(10 µM) for 2 h at 37°C. Subsequently, 4% paraf-
ormaldehyde was used for fixing cells and cells 
were permeabilized by 0.3% TritonX-100 in PBS 
for 15 min. Finally, Cells were washed 3 times in 
PBS followed by 30 min incubation with 1.72 mL 
Click Reaction Buffer, 80 µL CuSO4, 4 µL Azide 
594, and 200 µL Click Additive Solution. Nucleic 
was co-stained with Hoechst 33,258 for 10 min. 
Images were obtained with laser confocal micro-
scopy (Leica TCS SP5, German).

2.11. Measurement of ROS productions and lipid 
peroxide

The SW1990 cells were seeded on 6-well plates and 
each well contained 8 × 105 cells. The cells were 
incubated with NSC663284 and NSC95397 for 4 h 
and then stained with DCF-DA (5 µM) and C11- 
BODIPY (4 µM) for 30 min. Next, the fluorescence 
intensity was determined by CytoFLEX SRT flow 
cytometry (Beckman Coulter, USA).

2.12. Confocal microscopy assay

SW1990 cells were cultured in the confocal dish over-
night at 37°C. Following indicated treatments for 4 h, 
the cells were stained with DCF-DA (5 µM) and 
MitoSOX (3 µM) in an incubator at 37°C for 30 min. 

Meanwhile, Hoechst 33,258 (10 µg/mL) was applied to 
the visualization of nucleus. Lastly, a laser confocal 
microscope was used to photograph the confocal dish.

2.13. Determinations of OCR and ECAR

The SW1990 cells were cultured in an XFe 24 seahorse 
cell culture microplate (Agilent, USA). In the concur-
rent phase, the sensor cartridge (Agilent, USA) was 
hydrated overnight at 37°C in an incubator without 
CO2. Cells were subjected to the treatments with 
NSC663284 and NSC95397 for 4 h, respectively. 
Then the microplate was replaced with a Seahorse 
base medium and maintained in a CO2-free incubator 
for 1 h. The oxygen consumption rate (OCR) repre-
sents the basic oxygen consumption of cells, including 
mitochondrial oxidative phosphorylation and proton 
leakage oxygen consumption. OCR was monitored 
continuously in real-time by serial addition of oligo-
mycin (1.5 μM), carbonyl cyanide 4-(trifluoro-
methoxy) phenylhydrazone (FCCP) (2 μM), and 
Antimycin A/Rotenone (0.5 μM). And the ability of 
the extracellular acidification rate (ECAR) indirectly 
shows the glycolytic ability of cells. ECAR was mon-
itored on a real-time basis by serial addition of glucose 
(10 mM), oligomycin (1 μM), and 2-Deoxyglucose 
(2-DG) (50 mM). Finally, the OCR and ECAR were 
analyzed by the Seahorse XFe 24 Bioanalyzer 
(Agilent, USA).

2.14. Western blot

Cells were treated as described earlier. Briefly, the 
collected cells were lysed via RIPA lysis buffer contain-
ing protease and phosphatase inhibitors (Beyotime) 
and the supernatant was quantified by BCA Protein 
Quantification Kit (Boxbio Science & Technology, 
Beijing). Next, the proteins in these samples were 
separated by 10% SDS-PAGE and transferred to 
PVDF membranes (Bio-Rad). Membranes were 
blocked in 5% skimmed milk for 1 h and then incu-
bated with the primary antibodies on a shaker for 12 h 
in a chromatography cabinet. On the following day, 
the blots were washed with TBST and incubated with 
horseradish peroxidase (HRP) labeled secondary anti-
bodies for 1 h. The HRP signals were detected by 
a Fdbio-Plco ECL kit (Fdbio science). Finally, the 
blots were scanned by Gel Imager (Bio-Rad).
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2.15. Statistical analysis

All data obtained were processed and statisti-
cally calculated with GraphPad Prism (version 
5.0). Data obtained above were presented as the 
mean ± standard deviation (SD). The differ-
ences between two assay groups were per-
formed by the Student’s t-test. One-way 
ANOVA was used for analyzing comparisons 

among multiple groups. p < 0.05 was consid-
ered to be the statistically significant level.

3. Results

3.1. CDC25C expression is high in PAAD

CDC25C was reported to be a potential biomar-
ker in cancers, but the role of CDC25C in 

Figure 1. CDC25C is overexpressed in multiple cancers.
(a) CDC25C expression in different cancer and normal tissues obtained from the Oncomine database (p < 0.01). Low expression is 
shown in blue, high expression is shown in red, and the number indicates the number of studies that meet the screening criteria. (b) 
CDC25C expression in 33 cancer types obtained from GEPIA database (p < 0.01). Green indicates low expression in the corresponding 
tumor, red indicates high expression in the corresponding tumor, and black represents no difference in expression. 
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PAAD remains unknown [11]. In the current 
study, we explore the regulatory role of 
CDC25C and found that CDC25C may promote 
cell proliferation and regulate energy metabolism 
by maintaining mitochondrial homeostasis in 
PAAD.

Firstly, to explore the expression characteristics 
of CDC25C in different cancer types, we analyzed 
CDC25C expression using the Oncomine data-
base. As displayed in Figure 1(a), CDC25C 

expression was significantly elevated in various 
tumors, including PAAD tissues, compared with 
its expression levels in normal samples. Next, the 
CDC25C expression level was also analyzed using 
the GEPIA online database. Consistent with the 
data obtained from the Oncomine database, 
CDC25C was highly expressed in 21 out of 33 
cancers (Figure 1(b)). The results of the two bioin-
formatics databases suggested CDC25C is overex-
pressed in multiple cancers.

Figure 2. CDC25C is highly expressed in PAAD.
(a) CDC25C expression in normal and pancreatic cancer tissues in GSE71729 and (b) GSE106189, GSE16515, GSE77435. (c) CDC25C 
expression in PAAD. (p < 0.0001; tumor vs. normal). (d) CDC25C expression in PAAD based on race (p = 2.88e-02; Normal vs. Asian) 
and (e) tumor grade (p = 1.83e-05, grade 1 vs. grade 2; p = 1.19e-04, grade 1 vs. grade 3). (f) The promoter methylation level of 
CDC25C in PAAD based on patient’s age (p = 7.38e-03, Age (41–60 years) vs. Age (61–80 years); p = 4.78e-03, Age (61–80 years) vs. 
Age (81–100 years)). Values are represented as mean ± SD. * p < 0.05; **, p < 0.001; *** p < 0.0001. 
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Subsequently, to further investigate the expression 
of CDC25C in PAAD, four datasets acquired from 
the GEO database were selected and then divided 
into two groups according to tissue types, each of 
which contained pancreatic tumor and healthy pan-
creatic tissues (Figure 2(a,b)). The results of group 1 
and group 2 showed enhanced expression of 
CDC25C in pancreatic carcinoma compared with 
adjacent tissues (p = 5.9e-06 and p = 0.0069, respec-
tively). Similarly, the analysis from GEPIA also 
revealed CDC25C was upregulated in PAAD 
(n = 179) compared with that in the normal group 
(n = 171) (p = 5.60e-56) (Figure 2(c)). Additionally, 
further results indicated that CDC25C expression 
was the highest in Asians among all races (Figure 2 
(d)). CDC25C expression increased continuously 
from grade 1 to grade 4, suggesting that CDC25C 
was significantly associated with the malignancy of 
pancreatic cancer, especially from grade 1 to grade 2 
(p = 1.83e-05) (Figure 2(e)). Compared with patients 
in the 61–80 age group, those in the 41–60 and >80 
age groups were discovered to have higher CDC25C 
methylation levels (Figure 2(f)).

3.2. CDC25C expression is negatively associated 
with the prognosis of PAAD

To confirm the association between CDC25C over-
expression and PAAD prognosis, we divided all 
PAAD samples into CDC25C high and low expression 

groups according to the average CDC25C expression 
for prognostic analyses. It was observed that patients 
with PAAD in the CDC25C low expression group 
possessed a relatively better disease-free and overall 
survival than those in the high expression group 
(Figure 3). The result of the survival analysis indicated 
that the enhanced CDC25C expression showed 
a strong correlation with poor PAAD prognosis, sug-
gesting the potential of CDC25C as a biomarker to 
predict the prognosis of PAAD.

3.3. Functional enrichment analyses of CDC25C 
related genes

Because of the prognostic value of CDC25C, we want 
to further probe the biological function of CDC25C in 
PAAD. PPI network was constructed through correla-
tion analysis, and 50 genes related to CDC25C were 
obtained from the STRING database (Figure 4(a)). 
Consequently, the enrichment analysis was carried 
out by a Metascape online database, and the result 
exhibited that these genes were markedly enriched in 
cell cycle, TP53 signaling pathways, DNA damage 
response, protein kinase activity regulation, and 
immunomodulatory pathways (Figure 4(b)). 
Notably, three TP53-related pathways were enriched, 
particularly transcriptional regulation by TP53, regu-
lation of TP53 activity, and the regulation of TP53 
degradation (Figure 4(b)). Additionally, CDC25C was 
overexpressed in TP53-mutants patients compared 

Figure 3. CDC25C expression is negatively associated with the prognosis of PAAD.
The survival analysis of CDC25C in PAAD. (a) disease-free survival and (b) overall survival. Red indicates CDC25C high expression 
group, blue indicates CDC25C low expression group. 
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with that TP53-nonmutants (p = 1.10e-07) (Figure 4 
(c)). Furthermore, methylation levels were estimated 
and CDC25C DNA methylation level was discovered 
to be elevated in patients with TP53-non mutant 
compared with that in the TP53-mutant (Figure 4 
(d)). These results illustrated that TP53 signaling path-
ways might have some connection between CDC25C 
and PAAD.

3.4. CDC25C acts as an immune-related gene in 
PAAD

We then explored the distribution of 22 immune 
cells in PAAD and the correlation analysis was 
displayed in Figure 5(a). The correlation heatmap 
reflects a higher correlation within the subgroups 
of the different tumor-infiltrating immune cells 

Figure 4. Gene enrichment analysis of CDC25C.
(a) PPI network of the top 50 hub genes interacted with CDC25C. (b) Pathway enrichment analysis of the genes in the PPI network. 
(c) CDC25C expression in PAAD based on TP53 mutation status (p = 8.61e-03, Normal vs. TP53-Mutant;p = 1.10e-07, TP53-Mutant vs. 
TP53-NonMutant). (d) The promoter methylation level of CDC25C in PAAD based on TP53 mutation status (p = 0.019, TP53-Mutant 
vs. TP53-NonMutant). 
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(Figure 5(b)). To further verify the interaction 
between CDC25C and the 22 tumor-infiltrating 
immune cells in PAAD, the relationship between 
CDC25C and immune cell infiltration was 
explored. Five types of immune cells exhibited 
a strong association with the CDC25C expression 
(Figure 6(a)). The result revealed that two cells had 
a positive relationship with CDC25C, particularly 

macrophage M0 (R = 0.18, p = 0.039) and follicu-
lar helper T cells (R = 0.19, p = 0.028), and three 
cell types had a negative relationship with 
CDC25C, particularly naive B cells (R = −0.23, 
p = 0.0078), monocytes (R = −0.28, p = 0.0011), 
and CD4+ memory resting T cells (R = −0.17, 
p = 0.044). Then a differential analysis was per-
formed and discovered that the significantly 

Figure 5. Immune infiltration signature analysis of PAAD with different CDC25C expressions.
(a) The proportions of the 22 immune cells subsets in PAAD. X-axis: different TCGA samples; Y-axis: percentage of different immune 
cells. (b) The co-expression of the 22 immune cells in PAAD. Red: positive correlation; Blue: negative correlation. 
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Figure 6. The correlation analysis of CDC25C and immune cells in PAAD.
(a) The correlation of CDC25C and naive B cells, T cells CD4 memory resting, T cells follicular helper, Monocytes, Macrophages M0 
(p < 0.05). (b) The violin graph of the differences in immune infiltration between high and low expression of CDC25C. Green: low- 
expression of CDC25C; Red: high-expression of CDC25C. (c) The intersection of the two immune cell sets. Blue: the immune cells 
significantly different with CDC25C (p < 0.05); Yellow: the immune cells co-expressed with CDC25C (p < 0.05). (d) The association of 
CDC25C and Purity, B Cell, CD8+ T Cell, CD4+ T Cell, Macrophage, Neutrophil, and Dendritic Cell. P values and partial correlation (cor) 
values were counted by Spearman’s rank correlation test. 
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different immune cells between the high and low 
CDC25C expression groups were naive B cells, 
memory B cells, CD8+ T cells, monocytes, and 
activated dendritic cells (p < 0.001, p = 0.011, 
p = 0.020, p = 0.012, and p = 0.036, respectively) 
(Figure 6(b)). Intersection analysis revealed that 
naive B cells and monocytes harbored the stron-
gest correlation with CDC25C expression in 
PAAD (Figure 6(c)).

Furthermore, the relationship between CDC25C 
and immune cells or tumor purity was examined 
by the TIMER database. The result displayed in 
Figure 6(d) showed the negative correlation 
between CDC25C and CD4+ T cells (r = −0.225, 
p = 3.3e-03) in PAAD. Cumulatively, our data 
suggested that CDC25C expression significantly 
influenced the immune activity in PAAD.

3.5. CDC25C promotes the viability and 
proliferation of PAAD cell lines

Previous studies showed that NSC663284 and 
NSC95397 could specifically inhibit CDC25 
expression [25]. In this study, the inhibition effect 
of NSC663284 and NSC95397 on PAAD cell lines 
(SW1990 and BXPC3) and normal pancreatic 
epithelial cells (HPDE6-C7) were validated. 
Treatment with NSC663284 and NSC95397 dra-
matically inhibited CDC25C protein expression 
(Figure 7(a–c)). Meanwhile, HPDE6-C7 cells 
exhibited lower CDC25C protein expression com-
pared with that of the SW1990 and BXPC3 cells. 
This result is similar to our bioinformatics analysis 
demonstrated that CDC25C had a higher expres-
sion in PAAD than normal tissue.

To explore the impact of CDC25C on the 
viability and proliferation of PAAD cells, 
SW1990 and BXPC3 cells were incubated with 
various concentrations of NSC95397 and 
NSC663284 for 24 h, and the viability of PAAD 
cells was assessed using CCK8 kit. As displayed in 
Figure 7(d,e), NSC95397 and NSC663284 inhib-
ited the viability of SW1990 and BXPC3 cells in 
a dose-dependent manner. Next, the growth and 
colony-forming ability of PAAD cells under the 
administration of NSC663284 and NSC95397 
were assessed. The results revealed that the pro-
liferative and clonal capacity of PAAD cells was 
suppressed after the inhibition of CDC25C 

(Figure 8(a–d)). To further confirm this observa-
tion, we also performed an EdU assay to test the 
effects of the two inhibitors on DNA synthesis 
and found that the treated cells had a reduced 
proportion of EdU-positive nuclei compared to 
the control (Figure 8(e,f)). Collectively, these 
results demonstrated that CDC25C could pro-
mote the viability and proliferation of PAAD 
cells.

3.6. CDC25C regulates mitochondrial function 
and ROS generation

Mitochondria play a crucial role in energy metabo-
lism and regulate the processes of cell proliferation 
and apoptosis. We then monitored mitochondrial 
homeostasis using DCF-DA and MitoSOX probes 
to further explore the role of CDC25C in PAAD 
cells [26]. First, we investigated the production of 
cellular and mitochondrial ROS after NSC663284 
and NSC95397 treatment and the results showed 
that the fluorescence intensity of DCF-DA and 
MitoSOX enhanced remarkably (Figure 9(a–d)).

Notably, our recent studies have reported that 
mitochondrial dysfunction would induce excessive 
ROS and lipid peroxides [27,28]. Therefore, we 
then detected the formation of lipid peroxide in 
SW1990 cells using the fluorescent probe of C11- 
BODIPY. The inhibition of CDC25C significantly 
increased lipid peroxide production (Figure 9(e,f)). 
These findings indicated that CDC25C may parti-
cipate in the regulation of mitochondrial function.

3.7. CDC25C regulates mitochondrial respiration 
and glycolysis metabolism.

Our previous studies have revealed that the decreased 
level of glutathione (GSH) was the reason for the 
excess accumulation of lipid peroxides and oxidative 
stress [29,30]. Concomitantly, GSEA analysis sug-
gested that CDC25C might enhance the GSH meta-
bolism and activity of glycolysis (p = 0.012, p = 0.014, 
respectively), which indicated that other important 
functions of CDC25C may be associated (Figure 10 
(a,c)). Consequently, the level of GSH was detected 
and the result showed that CDC25C inhibition could 
dramatically reduce the GSH level (Figure 10(b)). 
Mitochondrial is the main organelle of ROS produc-
tion for the electron leakage from the electron 
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transport chain [26,31]. To check whether the increase 
of oxidative stress and exhaustion of GSH is due to the 
suppression of CDC25C, OCR and ECAR were ana-
lyzed by the Seahorse XFe 24 Bioanalyzer. Results 
showed that the basal respiration, ATP production, 
maximal respiration, and coupling efficiency were all 

substantially suppressed after the inhibition of 
CDC25C by NSC663284 and NSC95397 (Figures 10 
(d) and S1). In addition, CDC25C inhibitors resulted 
in lower ECAR compared with the control, illustrating 
that inhibition of CDC25C was capable of blocking 
mitochondrial oxidative respiratory and glycolysis 

Figure 7. CDC25C promotes the viability of PAAD cell lines.
(a) Western blot analysis of CDC25C after the treatment of NSC663284 and NSC95397. (b, c) The quantification of CDC25C expression. 
(d, e) SW1990 and BXPC3 were exposed to gradient concentrations of NSC663284 and NSC95397 for 24 h. Cell viability was 
determined by CCK8 kit. (Values are represented as mean ± SD. * p < 0.05) 
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metabolism. (Figures 10(e,f)). In conclusion, these 
data suggested that CDC25C exerts a regulatory role 
in mitochondrial respiration and glycolysis 
metabolism.

To further investigate the functions of CDC25C 
in PAAD, the expression level of proteins asso-
ciated with GSH, glycolysis, and mitochondrion 
metabolism were evaluated by western blot 

Figure 8. CDC25C promotes the proliferation of PAAD cell lines.
(a, b) SW1990 and BXPC3 were treated with NSC663284 (1 µM) and NSC95397 (2 µM), the cell viability was determined at 0, 24, 48, 
and 72 h by CCK8 kit. (c, d) The NSC663284 (1 µM) and NSC95397 (2 µM) significantly inhibit the proliferation of cells defined by the 
cloning experiment. (e, f) The impacts of CDC25C on the DNA synthesis through EdU assay after the treatment of NSC663284 and 
NSC95397 for 24 h. (Values are represented as mean ± SD. * p < 0.05; **, p < 0.01; *** p < 0.001) 
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Figure 9. CDC25C regulates mitochondrial function and ROS generation.
(a) After being treated with NSC663284 and NSC95397 for 4 h, the accumulation of mitochondrial ROS in SW1990 cells was 
determined by MitoSOX, the intracellular superoxide was visualized via DCF-DA staining. (b) The corresponding statistical histograms 
of MitoSOX. (c) To assess ROS, SW1990 cells were exposed to NSC663284 and NSC95397 for 4 h, stained with DCF-DA probe, and 
detected using flow cytometry. (d) The statistical histogram of DCF. (e) SW1990 cells were exposed to NSC663284 and NSC95397 for 
4 h, lipid peroxidation was measured using BODIPY-C11 dye and detected using flow cytometry. (f) The corresponding statistical 
histogram of lipid peroxidation. 
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analysis. CDC25C inhibitors could reduce the 
expression levels of oxidative respiratory chain 
(NDUFS3, NDUFV2, SDHB and COX IV), glyco-
lytic regulatory proteins (PKM2 and c-Myc), and 
glutathione reductase (GRD1) (Figure 11). 
Collectively, these findings together with the 
bioinformatics analysis support the notion that 
CDC25C plays a potential role in mitochondrial 

homeostasis and could be a potential biomarker in 
PAAD.

4. Discussion

PAAD is a highly aggressive type of cancer with 
a poor prognosis resulting in an average loss in life 
expectancy of 14.7 years [32]. Due to the 

Figure 10. CDC25C regulates mitochondrial respiration and glycolysis metabolism.
(a) GSEA enrichment of CDC25C in the glutathione metabolism pathway. (b) SW1990 cells were exposed to NSC663284 for 6 h, then 
the relative level of GSH was measured. (c) GSEA enrichment of CDC25C in the glycolysis pathway. (d) Cells were treated with 
NSC663284 and NSC95397 for 4 h. Real-time monitoring of OCR was performed with the Seahorse XFe 24 Bioanalyzer. (e-f) ECAR of 
SW1990 cells was recorded with a Seahorse XFe 24 energy metabolism analyzer. (Values are represented as mean ± SD. * p < 0.05; 
**, p < 0.01; *** p < 0.001) 

BIOENGINEERED 13103



nonspecific clinical manifestations and a dearth of 
reliable biomarkers for the early detection of 
PAAD, new predictors for its diagnosis and prog-
nosis are urgently needed. This study aimed to 
analyze the potential application of CDC25C in 
PAAD using multiple public databases and cellular 
experiments to obtain a better understanding of 
the role and effect of CDC25C in PAAD.

CDC25C is a phosphatase with dual specificity. 
Studies have revealed that CDC25C is a key reg-
ulator in cell division, especially in the G2/M 
phase of cells. In breast cancer cells, CDC25C 
was involved in the G2/M transition process by 
over-activating the mitotic target cyclin B-Cdk1 
complex based on the recruiting of multiple phos-
phorylations [33]. Further, the expression of 
CDC25C can be inhibited by P53, leading to the 
arrest of the cell cycle in the G2/M phase [34]. 
Therefore, CDC25C is very promising as a new 
target for tumor therapy.

To investigate the role of CDC25C in PAAD, we 
studied the expression levels and prognostic char-
acteristics of CDC25C in PAAD. Bioinformatics 
data analysis suggested that CDC25C expression 
is remarkably elevated in PAAD, and high expres-
sion of CDC25C is closely associated with the poor 
prognosis in PAAD patients. In addition, 

UALCAN online analysis showed the inseparable 
correlation of CDC25C expression and TP53 
mutation in PAAD. This conclusion is consistent 
with the results reported in the literature, which 
revealed that different TP53 genotypes can regu-
late multiple phosphorylation sites of CDC25C 
[35]. Moreover, in this study, the result of western 
blot assay also demonstrated that CDC25C expres-
sion is enhanced in PAAD cells compared with 
HPDE6-C7 cells. Concomitantly, our results 
revealed that when CDC25C expression was sup-
pressed, SW1990 and BXPC3 cell viability and 
proliferation were decreased.

To identify the specific function of CDC25C in 
PAAD, we then conducted a pathway enrichment 
analysis. The result revealed that CDC25C expres-
sion was significantly enriched in the cell cycle, 
TP53 signaling pathways, DNA damage response, 
regulation of protein kinase activity, immunomo-
dulatory pathways, glutathione metabolism, and 
glycolysis in PAAD. Tumor occurrence and devel-
opment are closely associated with the interactions 
between the tumor and immune cells [36,37]. 
Immune infiltration analysis showed that 
CDC25C overexpression can significantly inhibit 
the number of naive B cells in the tumor. B cells 
change the direction of the myeloid response 

Figure 11. Western blot analysis of CDC25C related pathway.
SW1990 and BXPC3 cells were treated with or without NSC663284 and subjected to the western blot analysis. 
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through the humoral immune characteristics and 
significantly affect tumor progression [38]. Since 
the specific mechanism is not clear, the inhibition 
of naive B cells by CDC25C may partly expound 
the poor prognosis of PAAD patients with high 
CDC25C expression.

The occurrence of PAAD is commonly 
initiated by the acquisition of activating KRAS 
mutations, which can lead to mitochondrial 
dysfunction and increase the level of ROS 
[39]. KRAS also maintains PAAD cells by indu-
cing glucose uptake and enhancing glycolysis 
[40]. Notably, ROS predominantly arises from 
the mitochondria, and excessive ROS accumu-
lation could further contribute to mitochondrial 
dysfunction. The survival of tumor cells 
requires a high level of glycolysis [41,42]. In 
the current study, the inhibition of CDC25C 
facilitated the accumulation of mitochondrial 
ROS, cytoplasmic ROS and lipid peroxidation, 
and caused the downregulation of mitochon-
drial proteins. These results prove that 
CDC25C takes part in the modulation of mito-
chondrial homeostasis. Based on this, the real- 
time OCR, a sign of mitochondrial stress, was 
monitored, and our present research revealed 
that CDC25C inhibition dramatically dimin-
ished basal respiration, maximal respiration, 
and ATP production. Next, we also investigated 
the glycolytic metabolism using a Seahorse XFe 
24 Extracellular Flux Analyzer and discovered 
that CDC25C inhibition not only reduced the 
OCR of SW1990 cells, but also inhibited glyco-
lytic capability.

In addition to glycolysis, our GSEA analysis 
also revealed that CDC25C was related to glu-
tathione metabolism. GSH, as a crucial antiox-
idant, plays an important role in cellular redox 
maintenance in tumor cells [43,44]. The GSH 
level decreased in PAAD cells when treated 
with CDC25C inhibitors. Similarly, GRD 1 pro-
tein was also observed to be reduced. These 
results reinforce CDC25C’s protective role in 
PAAD cells by enhancing GSH levels. In light 
of all results, we speculate that CDC25C may 
promote energy metabolism by regulating mito-
chondrial function.

5. Conclusion

In summary, overexpression of CDC25C was cor-
related with poor prognosis in PAAD. 
Furthermore, our results demonstrate that 
CDC25C inhibition disrupted mitochondrial 
homeostasis with the accumulation of ROS and 
lipid peroxides, and suppressed glycolysis metabo-
lism. These findings imply that CDC25C may 
represent a potential biological marker and pro-
mising therapeutic target in PAAD.
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