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Abstract: In clinical practice, tumor occurrence and progression appear to be more frequent and rapid in patients 
with type 2 diabetes mellitus (T2DM) compared to non-diabetic individuals. Epidemiological studies have confirmed 
that the incidence of colorectal cancer (CRC) is relatively higher in patients with T2DM. However, the key candidate 
regulatory factors that mediate and drive the concurrent development and progression of T2DM and CRC remain 
unclear. Analysis using the Significant Bias Evaluation Method on clinical data revealed that patients with T2DM 
have a higher propensity for developing lung cancer, colorectal cancer, and breast cancer. Further analysis of the 
key factors associated with T2DM and related tumors identified GSK3β as a potential key regulatory factor in CRC 
development in T2DM patients, through differential expression analysis using the limma package on real-world 
data. Western blot and qRT-PCR validation revealed that, compared to the non-insulin-resistant HT29 CRC cell line 
group, the mRNA and protein expression levels of GSK3β were significantly elevated in the insulin-resistant group. 
Similarly, the mRNA and protein expression levels of factors associated with the GSK3β-β-catenin-CyclinD1/cMyc 
pathway were also upregulated. Furthermore, when GSK3β was silenced or overexpressed, the proliferative effect 
of tumor cells was markedly reduced or increased, respectively. In summary, GSK3β is upregulated in T2DM pa-
tients with CRC and contributes to tumor progression. GSK3β holds promise as a novel therapeutic target for the 
treatment of patients with T2DM complicated by CRC, potentially providing a solution to address clinical challenges.
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Introduction

Type 2 diabetes mellitus (T2DM) is a complex 
metabolic disorder caused by multiple etiolo-
gies and is often accompanied by numerous 
complications, including malignant tumors [1, 
2]. Clinical observations suggest that tumor 
incidence and progression of tumors are both 
higher and more rapid in T2DM patients com-
pared to non-diabetic individuals. In 2021, 
Pearson-Stuttard J [3] published an epidemio-
logical study in The Lancet Diabetes & Endo- 
crinology, which followed over 200,000 diabet-
ic patients for 18 years. The results showed 
that the proportion of deaths attributable to 
cancer was significantly higher in diabetic 
patients compared with non-diabetic individu-
als (9.0% vs. 6.5%), representing an approxi-

mate 50% relative increase in cancer-related 
mortality. Notably, cancer has become the lead-
ing cause of death among people with diabetes 
in England.

Epidemiological evidence shows that patients 
with T2DM have a higher the incidence of sev-
eral malignancies, including colorectal, liver, 
gastric, pancreatic, lung, bladder, prostate, 
breast, cervical, and endometrial cancers. A 
2023 Chinese epidemiological study [4] involv-
ing 46,066 T2DM patients demonstrated that 
T2DM is significant risk factor for cancer, with 
malignancies accounting for the largest propor-
tion (32.14%), primarily colorectal cancer (CRC) 
and gastric cancer. Another large-scale pro-
spective study on chronic diseases in China, 
involving 500,000 participants, reported that 
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the risk of CRC in diabetic individuals was 44% 
higher than in the general population [5]. 
Additionally, the incidence of CRC in China has 
increased markedly, now ranking the fourth 
most common malignant tumor and the fifth 
leading cause of cancer-related death [6]. In 
2024, an article published in Nature by Luís 
Nunes [7] reported that approximately 20% of 
CRC patients present with metastasis at diag-
nosis, and an additional 20% develop metasta-
sis subsequently, underscoring the public 
health burden posed by CRC. Early detection 
and treatment of CRC are critical to improving 
cure rates, reducing recurrence rates, enhanc-
ing quality of life, and lowering medical costs 
[8]. The incidence of CRC in T2DM patients is 
increasing annually. However, the mechanisms 
linking these two diseases remain unclear. As 
T2DM is a major risk factor for cancer, it is 
important to identify whether specific molecu-
lar mediators drive CRC development in this 
population. Determining the key regulatory fac-
tors that contribute to CRC progression in 
T2DM patients may provide new insights into 
novel biological markers and therapeutic tar-
gets, ultimately offering new strategies for  
prevention and treatment of CRC in this 
population.

Materials and methods

Bioinformatic technology

Significant bias evaluation method for assess-
ing cancer susceptibility in T2DM patients: A 
total of 101 patients with both T2DM and malig-
nant tumors (54 males and 47 females) were 
randomly selected from the Department of 
Endocrinology and Oncology at the First 
Affiliated Hospital of Harbin Medical University. 
Basic information of the patients, such as 
name, age, gender, and tumor type, was record-
ed. To evaluate the cancer susceptibility in 
patients with T2DM, we applied the Significant 
Bias Evaluation Method using relative risk (RR) 
and the φ coefficient to assess disease co-
occurrence bias. The observed cancer distribu-
tion in T2DM patients was compared against 
10,000 randomly generated datasets of the 
same sample size and tumor type distribution. 
The probability of observing such co-occur-
rence under random conditions was computed. 
Bonferroni correction was applied for multiple 
comparisons, and statistical significance was 
defined by the adjusted P-value [9, 10].

Network distance-based analysis of T2DM and 
cancer gene set associations: To evaluate the 
potential associations between T2DM and vari-
ous cancers, we calculated the network-based 
distance between the T2DM-related gene sets 
and cancer-related gene sets with the protein-
protein interaction (PPI) network using the PPI-
weighted Meet/Min (PPM) distance metric pro-
posed by Sora Yoon [11].

The formula is as follows: 

                      ( ) 1
, B

PMM A,B
min A
A B

= - -+

" ,

 

,
( ) ( )

( , ) ( , )

( ) ( )

( , ) ( , )min A B
max max p A B B A

p x y p x y

max p A B A B

p x y p x y

y A B y B A

x A B

y A B y A B

x B A

+ -

+

+ -

+
+

$ +

$ $a ~

~

~

~

-

-

-

-

! !

!

! !

!

+

+

Z

[

\

]
]

]]
" ,

/ /

/ /

/

/

,
A B

min A B
=

+~
" ,

Where p represents the PPI Scores matrix (the 
adjacency matrix), and α is a network balance 
factor ranging from 0 to 1, and ω=min(∣A∣,∣B∣)/
(∣A∣+∣B∣).

The PPI network was derived from the STRING 
database (version 11.5; https://string-db.org). 
The T2DM-related genes were obtained from 
the OMIM database, while cancer-related driver 
genes were sourced from the COSMIC Cancer 
Gene Census. For each cancer type, 10,000 
random gene set pairs (matching the size of the 
T2DM and cancer gene sets) were generated, 
and corresponding PPM values were comput-
ed. The significance of the observed PPM value 
was determined by comparing it to the distribu-
tion of the random PPM values. The empirical 
P-value was defined as the proportion of ran-
dom PPM values less than or equal to the actu-
al observed value. Finally, a false discovery rate 
(FDR) correction was applied to adjust the 
P-values for multiple testing across the 25 can-
cer types.

Identification of key factors linking T2DM and 
cancer using STRING PPI network: To identify 
key genes mediating the relationship between 
T2DM and cancer, we utilized the STRING PPI 
network and betweenness centrality to mea-
sure the importance of each node in informa-
tion transfer between the T2DM- and cancer-
related gene sets [12]. The more frequently  
a node lies on the shortest paths between 
nodes in the two sets, the more critical it is in 
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mediating the biological connection. Let gene 
sets A and B represent the T2DM- and cancer-
related genes, respectively. The betweenness 
centrality of node i is defined as follows: 
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Where ρ(k,i,j) is the total number of shortest 
paths between nodes k and j that pass through 
node i, and ρ(k,j) is the number of shortest 
paths between nodes k and j. All nodes with 
non-zero BC values were ranked, and the top 
10% were defined as key mediator genes bridg-
ing T2DM and cancer [13].

Identification of candidate regulators mediat-
ing CRC in T2DM using limma differential 
expression analysis: Based on transcriptomic 
data from two sample groups, differential 
expression analysis was performed using the 
limma package. Genes were considered differ-
entially expressed if they met the following cri-
teria: Adjusted P-value (Benjamini-Hochberg 
correction) ≤ 0.05, and an absolute log fold 
change (|logFC|) > 1. Differentially expressed 
probes were first mapped to RNA IDs using the 
GEOquery package and then converted to gene 
symbols using the biomaRt package. If a gene 
corresponded to multiple probes, the average 
expression value across samples was used as 
the gene’s final expression level. A heatmap of 
the differentially expressed genes was gener-
ated based on the processed expression 
matrix, highlighting the expression patterns rel-
evant to CRC pathogenesis in the context of 
T2DM.

Cell experiments

Cell culture: Human CRC cell line HT29 (iCell 
Bioscience Inc., Suzhou, China) was cultured in 
DMEM medium (Gibco, Beijing, China) contain-
ing 10% fetal bovine serum (Excell Bio, Suzhou, 
China) and 1% penicillin-streptomycin solution 
(Beyotime, Shanghai, China). Cells were main-
tained at 37°C in a humidified incubator filled 
with 5% CO2.

Glucose consumption assay: Cell density was 
adjusted to 1 × 106 cells/mL and then seeded 
into 96-well plates. Complete culture medium 
containing insulin (10-4, 10-5, 10-6, 10-7, and 
10-8 mol/L) was added, with six replicates per 
group. Cells were incubated at 37°C for 12, 24, 
36, and 48 hours. After incubation, the com-

plete culture medium was discarded and re- 
placed with serum-free DMEM. The cells were 
then incubated for an additional 24 h, after 
which the glucose content in the supernatant 
was detected using a glucose assay kit (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, 
China). Glucose concentration was calculated 
as follows:

Glucose content ( / )
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Where the standard concentration (Cstandard) is 
5.55 mmol/L.

Actual glucose consumption = Glucose content 
in unseeded cell cultures - Glucose content in 
the supernatant.

MTT assay: After the glucose consumption 
assay, cells were cultured with the optimal insu-
lin concentration (Novo Nordisk, Tianjin, China) 
and seeded in a 96-well plate. After incubation, 
10 μL of MTT working solution was added to 
each well and incubated for 4 hours. Upon the 
formation of formazan crystals, the superna-
tant was carefully removed without disturbing 
the purple crystals. Then, 100 μL of formazan 
solution was added to each well and incubated 
at 37°C for 15 minutes to fully dissolve the 
crystals. Absorbance was measured at 570 nm 
using a microplate reader. Higher OD value indi-
cate greater cell proliferation, whereas lower 
OD values suggest reduced proliferation.

CCK-8 assay: Cells were seeded into 96-well 
plates at 100 µL per well and incubated at 
37°C with 5% CO2 for 24 h. After confirming 
even cell distribution and good morphology, 
cells were treated with the selected insulin  
concentrations and exposure times, as previ-
ously described. Subsequently, 10 μL of CCK-8 
regent (SevenBio, Beijing, China) was added to 
each well, followed by incubation in a 5% CO2 
incubator at 37°C for 1 h. Absorbance was 
measured at 450 nm using a microplate read-
er. Cell viability was calculated according to the 
following formula:

Cell viability = (ODexperimental group - ODcontrol group)/
(ODnegative control group - ODblank control group) × 100%

Cell transfection: GSK3β overexpression (GS- 
K3β-oe), knockdown (GSK3β-si), and corre-
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sponding negative control plasmids were syn-
thesized by SevenBio (Beijing, China) (Tables 1 
and S1). Transfection was performed using 
LipofectamineTM 3000 (Invitrogen, CA, USA) 
according to manufacturer’s instructions. The 
transfection complexes were incubated at 
room temperature in the dark for 15 minutes, 
then added to 6-well plates and incubated at 
37°C with 5% CO2 for 24 h. Transfection effi-
ciency was determined by qRT-PCR. 

Immunofluorescence assay: Cells were cul-
tured in 24-well plates, fixed with 4% parafor-
maldehyde (Solarbio, Beijing, China) for 20 min, 
followed by permeabilization with 0.5% Triton-X 
(Beyotime, Shanghai, China) for 20 min. After 
blocking with 1% BSA solution (Beyotime, 
Shanghai, China) for 1 h, cells were incubated 
with the primary antibody (Anti-GSK3β) (PTMab, 
Beijing, China) at a dilution ratio of 1:50 (150 
μL per well) overnight at 4°C. The next day,  
fluorescent secondary antibody (Proteintech, 
Wuhan, China) was added at a dilution ratio of 
1:200 (150 μL per well) and incubated at room 
temperature in the dark for 1 h. Then, cells 
were stained with DAPI (Beyotime, Shanghai, 
China) at room temperature for 30 minutes. 
Fluorescent images were captured using a fluo-
rescence microscope.

EdU assay: Cells were seeded in 6-well plates 
and incubated with 500 μL of EdU working solu-
tion (Beyotime, Shanghai, China) mixed with 
500 μL of complete culture medium. Cells were 
incubated in a 5% CO2 incubator at 37°C for 2 
h. Then, the cells were fixed with 4% parafor-
maldehyde at room temperature for 15 min, 
permeabilized with 0.3% Triton-X for 15 min. 
According to the kit instructions, 500 μL of  
EdU reaction solution was added to each well, 
gently mixed to ensure complete coverage and 
incubated at room temperature in the dark for 

observed. After 14 days, colonies were fixed 
with 4% paraformaldehyde for 15 min at room 
temperature and stained with crystal violet 
staining solution (Beyotime, China) for 20 min. 
Plates were then imaged and analyzed. The 
plating efficiency (PE) was calculated using the 
following formula: PE = (Clone number/Number 
of inoculated cells) × 100%. A higher PE value 
indicates a stronger proliferative capacity.

Flow cytometry: Cells were cultured in 6-well 
plates and digested using EDTA-free trypsin 
(SevenBio, Beijing, China). A total of 5 × 105 
cells were collected and resuspended in 200 
μL of 1 × Binding Buffer from the Annexin-FITC/
PI Apoptosis Detection kit (SevenBio, Beijing, 
China). After centrifugation at 300g for 5 min, 
the supernatant was discarded. Cells were 
resuspended in 90 μL of 1 × Binding Buffer, fol-
lowed by the addition of 5 μL of Annexin V-FITC 
and 5 μL of PI staining solution. The mixture 
was gently mixed and incubated at room tem-
perature in the dark for 15 min. Samples were 
analyzed using FACScan flow cytometry (BD 
Biosciences, CA, USA), and the results were 
analyzed with FlowJo_v10.8.1.

RNA extraction and qRT-PCR: Total RNA was 
extracted from cultured cells and tissues using 
the TRIzol reagent (Thermo Fisher Scientific, 
MA, USA). Complementary DNA (cDNA) was 
synthesized using a reverse transcription kit 
(SevenBio, Beijing, China). To quantify the tar-
get genes, cDNA samples were amplified on an 
ABI 7500 Fast Real-Time Quantitative PCR 
instrument (Applied Biosystems, CA, USA) using 
the SYBR qPCR Mix kit (Toyobo Co., Ltd., Osaka, 
Japan) and gene-specific primers (Table 2). All 
primers were synthesized by SevenBio (Beijing, 
China). Relative gene expression levels were 
calculated using the 2-ΔΔCt method, with β-actin 
serving as the internal reference. The cycle 

Table 1. GSK3β-si and the corresponding control sequenc-
es
GSK3β-si negative control 5’-UUCUCCGAACGUGUCACGU-3’

5’-ACGUGACACGUUCGGAGAA-3’
GSK3β-si-1 5’-GAGAGAAGAUGAUGUAUAA-3’

5’-UUAUACAUCAUCUUCUCUC-3’
GSK3β-si-2 5’-GGUGUAAGAGAGCUACUAA-3’

5’-UUAGUAGCUCUCUUACACC-3’
GSK3β-si-3 5’-AGAAGAUGCUGGUGUUCAA-3’

5’-UUGAACACCAGCAUCUUCU-3’

30 min. Subsequently, 1 mL of dilut-
ed Hoechst33342 was added to 
each well for nuclear staining, and 
the cells were incubated at room 
temperature in the dark for 10 min. 
Fluorescence images were captured 
using a fluorescence microscope.

Colony formation assay: Cells were 
seeded into 6-well plates at a density 
of 700-1000 cells per well. The cul-
ture medium was replaced every 
three days, and colony formation was 
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threshold (Ct) values were used to compute 
ΔΔCt as follows: ΔΔCt=(Ctaim-Ctβ-actin)experimental 

group-(Ctaim-Ctβ-actin)control group.

Western blot: Protein samples were separated 
on 10% PAGE gel (SevenBio, Beijing, China) and 
transferred onto PVDF membranes (Millipore, 
Bedford, MA, USA). Membranes were blocked 
with 5% skim milk (SevenBio, Beijing, China) 
and incubated overnight with primary antibod-
ies against human GSK3β (PTMab, Beijing, 
China), human β-catenin (PTMab, Beijing, 
China), human CyclinD1 (PTMab, Beijing, 
China), human cMyc (PTMab, Beijing, China), 
and human β-actin (Abways, Shanghai, China). 
Following rinsing with TBS-T (SevenBio, Beijing, 
China), membranes were incubated with sec-
ondary antibodies (Proteintech, Wuhan, China). 
Protein bands were visualized using enhanced 
chemiluminescence (ECL) reagents (Beyotime, 
Shanghai, China).

Statistical analysis

All statistical analyses were conducted using 
GraphPad Prism 9.0 software. Quantitative 
data were expressed as mean ± standard devi-
ation (SD). Comparisons between the two 
groups were performed using unpaired two-
tailed Student’s t-tests. For comparisons 
among multiple groups, one-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc 
test was applied. For datasets involving multi-
ple time points or two independent variables 
(e.g., treatment and time), two-way ANOVA fol-
lowed by Bonferroni’s multiple comparison test 
was employed. For repeated measurements 
over time, repeated measures ANOVA was 
applied. A p-value < 0.05 was considered sta-
tistically significant.

Results

Clinical co-occurrence analysis revealed in-
creased cancer susceptibility in T2DM patients

To determine whether patients with T2DM 
exhibit preferential co-occurrence with specific 
cancer types, we analyzed clinical data from 
101 patients diagnosed with both T2DM and 
malignant tumors. As shown in Figure 1A, lung 
cancer (28.7%), breast cancer (16.8%), colon 
adenocarcinoma (15.8%), rectal adenocarcino-
ma (12.9%), and pancreatic cancer (10.9%) 
were significantly overrepresented compared 
to randomly expected distributions (P < 0.001, 
Bonferroni-corrected). These findings suggest 
a non-random pattern of tumor distribution in 
T2DM patients, implicating potential biological 
links.

Network-based proximity analysis revealed 
cancers associated with T2DM-related genes

To explore the molecular associations between 
T2DM and various cancers, we calculated the 
PMM distance between T2DM-related genes 
(from OMIM) and driver gene sets of 25 cancer 
types (from COSMIC) using the STRING PPI net-
work. For each cancer type, 10,000 random 
samplings were performed to assess statis- 
tical significance. As shown in Figure 1B, 15 
cancer types, including pancreatic, thyroid, 
hepatocellular, breast, glioma, and lymphoma, 
showed significantly lower PMM values (P < 
0.05), suggesting a closer molecular proximity 
between these cancers and T2DM-associated 
genes.

Shared pathogenic mediators identified at the 
T2DM-cancer interface

To identify key mediators linking T2DM and 
cancer, we analyzed the network between- 
ness centrality of all nodes and identified  
321 genes with high centrality values at the 
T2DM-cancer interface. We then examined 
which of these genes overlapped with known 
T2DM-related pathogenic genes or cancer  
driver genes. As summarized in Table 3, se- 
veral overlapping genes were identified in can-
cers such as acute myeloid leukemia (AML), 
intestinal cancer, breast cancer, glioma, and 
lymphoma (e.g., INS, IL6, TBC1D4). Addition- 
ally, Table 4 lists key genes that also serve  

Table 2. Primers used for qRT-PCR
GSK3β-F 5’-CCGACTAACACCACTGGAAGCT-3’
GSK3β-R 5’-AGGATGGTAGCCAGAGGTGGAT-3’
β-catenin-F 5’-CACAAGCAGAGTGCTGAAGGTG-3’
β-catenin-R 5’-GATTCCTGAGAGTCCAAAGACAG-3’
CyclinD1-F 5’-TCTACACCGACAACTCCATCCG-3’
CyclinD1-R 5’-TCTGGCATTTTGGAGAGGAAGTG-3’
cMyc-F 5’-CCTGGTGCTCCATGAGGAGAC-3’
cMyc-R 5’-CAGACTCTGACCTTTTGCCAGG-3’
β-actin-F 5’-GGGAAATCGTGCGTGACATT-3’
β-actin-R 5’-GGAACCGCTCATTGCCAAT-3’
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Figure 1. Clinical and molecular associations between T2DM and cancer. A. Clinical co-occurrence analysis shows that lung cancer, breast cancer, colon adenocarci-
noma, rectal adenocarcinoma, and pancreatic cancer are significantly overrepresented in T2DM patients compared to random expectations (P < 0.001, Bonferroni-
corrected). B. Network-based proximity analysis using PMM distance reveals that 15 cancer types, including pancreatic, thyroid, hepatocellular, breast, glioma, and 
lymphoma, are significantly closer to T2DM-related genes in the STRING PPI network (P < 0.05). C. Heatmap showing transcriptomic profiling from GSE115313, 
where hierarchical clustering of 260 differentially expressed genes distinguishes tumor tissues from adjacent normal tissues in T2DM-associated colorectal cancer 
patients. GSK3β, a predicted key mediator, is among the significantly dysregulated genes. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ****P < 
0.0001.
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as established cancer drivers (e.g., EP300, 
TP53, CREBBP, EGFR), reinforcing their ro- 
les in mediating disease processes. These  
findings suggest that shared mediators may 
serve as mechanistic links between T2DM and 
cancer, potentially explaining the increased 
cancer susceptibility observed in T2DM pa- 
tients.

Transcriptomic profiling validated dysregula-
tion of key genes in T2DM-associated colorec-
tal cancer

To confirm whether the predicted key media-
tors are also dysregulated in clinical samples, 
we analyzed the GSE115313 dataset, which 
includes paired tumor and adjacent normal 

Table 3. Relationship between key genes and disease driver genes
Both key gene and diabetes 

pathogenic gene Both key gene and tumor pathogenic gene

AML INS, TBC1D4 EP300, RUNX1, JAK2, TCF3, CREBBP, PTPN11, CBL, STAT3, 
MAPK1, PBX1, BCOR, XPO1, IL7R

INTESTINE INS, TBC1D4 CTNNB1, EP300, TP53, SRC, ZNRF3, PIK3CA
OVARIAN INS CTNNB1
PANCREATIC INS EP300
CNS INS NF1
SKIN INS
LYMPHOMA INS, TBC1D4 HSP90AA1, IL2, EP300, CLTC, CREBBP, MYH9
GLIOMA INS NF1, TP53, EGFR
THYROID INS TPR, RET
HEPATOCELLULAR IL6, INS
BREAST INS EP300, MAP3K1, TP53, RB1, ESR1
BILIARY INS
OESOPHAGUS
BLADDER INS
ORAL

Table 4. Key genes that also serve as pathogenic genes for both T2DM and cancer

Cancer Type Key Genes Also T2DM 
Pathogenic Genes Key Genes Also Cancer Driver Genes

AML INS, TBC1D4 EP300, RUNX1, JAK2, TCF3, CREBBP, PTPN11, CBL, STAT3, MAPK1, 
PBX1, BCOR, XPO1, IL7R

Intestine INS, TBC1D4 CTNNB1, EP300, TP53, SRC, ZNRF3, PIK3CA
Ovarian INS CTNNB1
Pancreatic INS EP300
CNS INS NF1
Skin INS -
Lymphoma INS, TBC1D4 HSP90AA1, IL2, EP300, CLTC, CREBBP, MYH9
Glioma INS NF1, TP53, EGFR
Thyroid INS TPR, RET
Hepatocellular IL6, INS -
Breast INS EP300, MAP3K1, TP53, RB1, ESR1
Biliary INS -
Esophagus - -
Bladder INS -
Oral - -
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colorectal tissues from 23 T2DM patients. 
Differential expression analysis identified 260 
significantly dysregulated genes, including 22 
upregulated and 238 downregulated ones. As 
shown in Figure 1C, hierarchical clustering of 
these DEGs revealed distinct separation be- 
tween tumors and normal tissues. Importantly, 
GSK3β, one of the predicted key mediators, 
was significantly upregulated and overlapped 
with previously identified network hub genes 
and known T2DM/cancer-related regulators. 
These results suggest that GSK3β may act as a 
functional driver of T2DM-associated colorec-
tal tumorigenesis.

Insulin resistance promoted GSK3β expression 
and enhanced CRC cell proliferation

To investigate whether insulin resistance 
affects GSK3β expression in CRC, HT29 cells 
were treated with 10-5 mol/L insulin for 24 
hours to induce insulin-resistant (IR group), 
while untreated cells served as controls (NC 
group). qRT-PCR and Western blot analyses 
revealed significantly increased GSK3β mRNA 
and protein expression in IR cells compared to 
NC cells (Figure 2A-C, P < 0.01). Immunofluo- 
rescence staining further confirmed elevated 
GSK3β expression in IR cells (Figure 2D, P < 
0.01). Functionally, IR cells exhibited signifi-
cantly enhanced viability, as shown by CCK-8 
assay (Figure 2E, P < 0.0001), while no signifi-
cant difference was observed in apoptosis 
rates between the two groups (Figure 2F, P > 
0.05). To further explore the downstream 
mechanisms, we assessed the expression of 
key genes in the proliferation-related pathway. 
Both mRNA and protein levels of β-catenin, 
CyclinD1, and cMyc were markedly elevated in 
IR cells compared to control cells (Figure 2G, 
2H, P < 0.05 or P < 0.01), suggesting that 
GSK3β may promote CRC proliferation under  
IR conditions via activation of the β-catenin-
CyclinD1/cMyc axis.

GSK3β silencing attenuated, while overex-
pression enhanced, CRC proliferation via the 
β-catenin-CyclinD1/cMyc pathway

To validate the functional role of GSK3β in regu-
lating CRC cell proliferation, HT29 IR cells were 
transfected with wither GSK3β silencing (Si)  
or overexpression (OE) plasmids. GSK3β-Si-1 
exhibited the strongest knockdown efficiency, 
as confirmed by Western blot and qPCR (Figure 

3A, 3B). Compared to negative control (GSK3β-
Si-NC), GSK3β knockdown significantly reduced 
the expression of β-catenin, CyclinD1, and 
cMyc at both the protein and mRNA levels (P < 
0.01). Conversely, overexpression of GSK3β 
(GSK3β-OE group) markedly upregulated these 
genes compared to the OE control (P < 0.01)  
(Figure 3C, 3D). Immunofluorescence further 
confirmed the effectiveness of both GSK3β 
silencing and overexpression at the cellular 
level (Figure 3E, 3F), supporting its regulatory 
role in modulating downstream oncogenic 
targets.

GSK3β regulated CRC cell proliferation under 
insulin-resistant conditions

To assess the functional role of GSK3β in cell 
proliferation under IR conditions, we conducted 
EdU and colony formation assays in HT29 cells. 
Compared with the NC group, HT29 cells under 
IR condition exhibited a significantly higher  
proportion of EdU-positive proliferating cells 
(Figure 4A, P < 0.0001), and an increased num-
ber of colonies (Figure 4D, P < 0.01). To further 
validate the regulatory effect of GSK3β, HT29 
cells were transfected with overexpression 
(GSK3β-OE) or silencing (GSK3β-Si) constructs. 
GSK3β overexpression significantly promoted 
proliferation, as indicated by both EdU (Figure 
4B, P < 0.001) and colony assays (Figure 4E, P 
< 0.01). Conversely, GSK3β knockdown mark-
edly suppressed proliferation (Figure 4C-F, P < 
0.01). These results suggest that GSK3β is a 
key promoter of CRC cell proliferation in the 
context of insulin resistance.

Discussion

In this study, we systematically elucidated the 
molecular connection between T2DM and can-
cer, with a particular focus on CRC, by integrat-
ing clinical co-occurrence analysis, bioinformat-
ics, and in vitro validation. Clinical data from 
101 patients with both T2DM and malignancies 
revealed that lung, breast, colon, rectal, and 
pancreatic cancers were significantly more 
prevalent than expected, indicating a non-ran-
dom distribution of cancer types among T2DM 
patients. This epidemiological pattern high-
lights a potential link between metabolic dys-
regulation and oncogenic processes.

To further explore this association, we conduct-
ed a PPI network-based proximity analyses and 
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Figure 2. Insulin resistance promoted GSK3β expression and CRC cell proliferation via β-catenin-CyclinD1/cMyc sig-
naling. A-C. qRT-PCR and Western blot showing elevated GSK3β mRNA and protein in IR cells. D. Immunofluorescent 
intensity of GSK3β was increased in IR cells. E. CCK-8 assay showing increased viability in IR cells compared to NC 
cells. F. No significant difference in apoptosis rate between IR and NC groups. G, H. β-catenin, CyclinD1, and cMyc 
mRNA and protein levels are significantly increased in IR vs. NC group. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure 3. GSK3β regulated β-catenin-CyclinD1/cMyc expression in insulin-resistant CRC cells. A, B. GSK3β silencing significantly reduced mRNA and protein levels 
of GSK3β, β-catenin, CyclinD1, and cMyc through western blotting and qRT-PCR. C, D. GSK3β overexpression (OE) significantly upregulated protein and mRNA levels 
of these targets. E, F. Immunofluorescence shows successful knockdown and overexpression of GSK3β. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Figure 4. EdU and colony formation assays revealed GSK3β-dependent proliferation in insulin-resistant CRC cells. (A-C) EdU assay shows that proliferation was sig-
nificantly increased in insulin-resistant CRC cells (A), enhanced in GSK3β overexpression group (B), and decreased in GSK3β-silenced group (C). (D-F) Colony forma-
tion assay confirms that cell proliferation was significantly promoted by insulin resistance (D) and GSK3β overexpression (E), while reduced by GSK3β knockdown 
(F). **P < 0.01, ***P < 0.001, ****P < 0.0001.
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identified 15 cancers with significant molecular 
proximity to T2DM-related genes. This aligns 
with the perspective of Parvin Mirmiran et al. 
[14], reinforcing the hypothesis that T2DM and 
cancer may share common molecular path-
ways. Using network topology measures, we 
identified 321 key mediators at the T2DM-
cancer interface. Among these, several genes 
overlapped with known T2DM-related or cancer 
driver genes, suggesting their potential roles as 
critical nodes facilitating metabolic-oncogenic 
crosstalk.

Subsequent transcriptomic validation using the 
GSE115313 dataset revealed significant differ-
ential expression patterns between tumor and 
adjacent normal tissues in CRC patients T2DM. 
These molecular alterations are consistent with 
previous clinical observations. For instance, 
epidemiological studies have reported that 
T2DM patients undergoing insulin therapy for 
at least 3 years had a threefold increased risk 
of developing CRC compared to non-users, and 
those treated for ≤ 5 years had a fourfold high-
er risk [15, 16]. This supports our findings that 
the development of CRC in T2DM patients is 
associated with insulin resistance. A meta-
analysis of 8 cohort studies from the Knowledge 
database also revealed a positive correlation 
between T2DM and the risk of CRC, with a sum-
mary relative risk of 1.21-fold [17], further sub-
stantiating the association between T2DM and 
CRC risk. 

Notably, GSK3β emerged as a differentially 
expressed gene, overlapping both with network 
key mediators and known T2DM- or cancer-
related genes. Numerous studies have demon-
strated that GSK3β plays complex and context-
dependent roles in tumor biology and insulin 
resistance. For instance, GSK3β has been 
shown to interfere with insulin signaling by 
phosphorylating insulin receptor substrate 1 
(IRS-1), leading to insulin resistance. Increased 
GSK3β activity in the skeletal muscle of T2DM 
patients may also be associated with impaired 
insulin sensitivity [18-20]. These findings fur-
ther support our results, suggesting a mecha-
nistic link between GSK3β activity and the 
pathophysiology of both T2DM and cancer.

Research has also demonstrated that GSK3β 
inhibitors, when used in combination with other 
agents, effectively reduce tumor growth and 

metastasis in pancreatic cancer models [21]. 
In a 2025 study, Wang et al. reported that adi-
pocyte-specific deletion of GSK3β mice exhib-
ited reduced inflammation, improved insulin 
sensitivity, and a more favorable microenviron-
ment [22]. In pancreatic cancer, oncogenic 
KRAS has been shown to drive GSK3β tran-
scription, thereby promoting tumor cell prolifer-
ation, survival, and chemotherapy resistance 
[23]. Moreover, GSK3β inhibition has been 
shown to selectively suppress tumor growth in 
FHIT deficient lung cancer [24]. These converg-
ing lines of evidence underscore GSK3β as a 
potential hub gene linking metabolic dysfunc-
tion with tumor progression, particularly rele-
vant in CRC development among T2DM pa- 
tients.

In support of this, our findings suggest that 
GSK3β may serve as a critical regulator mediat-
ing CRC development in T2DM, holding sig- 
nificant biological relevance. Previous studies 
have established T2DM as a significant risk fac-
tor for CRC development, with longer T2DM 
duration associated with greater CRC risk [25-
27]. Additionally, gut microbiota dysbiosis in 
diabetic patients may exacerbate CRC risk, 
while shared risk factors such as high-sugar 
diets and obesity further contribute to CRC sus-
ceptibility in this population [28-30].

In 2020, a study published in Biochimica et 
Biophysica Acta (BBA) reported that GSK3β 
plays complex roles in the proliferation, migra-
tion, and apoptosis of tumor cells [31]. In some 
cancers, GSK3β acts as a tumor suppressor. 
For example, in mantle cell lymphoma (MCL), 
GSK3β promotes the degradation of cyclin D1 
via phosphorylation, thereby inhibiting tumor 
cell proliferation [32]. In contrast, in other 
tumors, GSK3β may promote tumorigenesis 
through its interaction with oncogenic signaling 
pathways. For instance, in glioblastoma (GBM), 
the loss of NDRG1 upregulates GSK3β and 
enhances cell proliferation [33-35]. Further- 
more, Walz et al. proposed that GSK3β func-
tioned as a positive regulator of NF-κB-
mediated cancer cell survival. Inhibition of 
GSK3β reduced the viability of leukemia, pan-
creatic, and renal cancer cells by downregulat-
ing NF-κB target genes such as Bcl-2 and XIAP 
[36, 37]. These findings align with our experi-
mental data, further supporting the role of 
GSK3β as critical mediator of tumor cell prolif-
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eration, which may underlie the observed inter-
play between T2DM and CRC.

GSK3β promotes tumor cell proliferation 
through the GSK3β-β-catenin-CyclinD1/cMyc 
pathway, thereby promoting tumor initiation 
and progression [38-40]. Previous studies have 
indicated that GSK3β can regulate β-catenin 
activity through multiple mechanisms depend-
ing on external stimuli, thereby modulating the 
expression of downstream genes [23-41]. 
Therefore, we hypothesized that under insulin-
resistant conditions, GSK3β may positively 
mediate the association between T2DM and 
CRC through activation of the β-catenin-
CyclinD1/cMyc pathway. To test this hypothe-
sis, we established an IR CRC cell model and 
found that GSK3β expression was significantly 
upregulated under IR conditions, accompanied 
by enhanced cell viability and elevated expres-
sion of β-catenin, CyclinD1, and cMyc, indicat-
ing the activation of a proliferative signaling 
axis which was consistent with the literature 
[42-44]. Furthermore, GSK3β knockdown sig-
nificantly reduced the expression of β-catenin 
pathway related genes, while overexpression 
had the opposite effect. Functional assays, 
including EdU and colony formation, confirmed 
that GSK3β promotes CRC cell proliferation 
under IR conditions.

This study has several limitations. First, the 
sample size for clinical co-occurrence analysis 
was relatively small, which may limit the gener-
alizability of the findings. Second, in vitro vali-
dation was conducted in a single colorectal 
cancer cell line (HT29); additional studies in 
multiple cell lines and cancer types are needed 
to verify the broader applicability of the results. 
Third, no in vivo experiments were conducted, 
leading the systemic effects of IR on tumor pro-
gression unaddressed. Future studies should 
incorporate larger clinical datasets and animal 
models to validate the role of GSK3β in T2DM-
related cancers. Moreover, the therapeutic 
potential of targeting GSK3β in diabetic pa- 
tients at elevated cancer risk warrants further 
investigation.

Together, our results provide mechanistic 
insights into how insulin resistance - a hallmark 
feature of T2DM - may contribute to CRC pro-
gression via GSK3β-mediated signaling. Un- 
like prior studies that have focused primarily on 
epidemiological associations, this work inte-

grates computational predictions with experi-
mental validation, establishing GSK3β as a key 
molecular bridge between metabolic dysfunc-
tion and oncogenic progression. These findings 
pave the way for future therapeutic strategies 
targeting GSK3β in managing T2DM-associated 
cancers.

Conclusion

GSK3β expression is increased in CRC with 
T2DM, promoting proliferation and aggravates 
tumor development and progression. GSK3β is 
expected to be a new biological target for the 
treatment of T2DM patients with CRC and pro-
vide help to solve practical problems clinically.
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Table S1. GSK3β-oe sequence

GCTAGCATGTCAGGGCGGCCCAGAACCACCTCCTTTGCGGAGAGCTGCAAGCCGGTGCAGCAGCCTTCAGCTTTTGGCAG-
CATGAAAGTTAGCAGAGACAAGGACGGCAGCAAGGTGACAACAGTGGTGGCAACTCCTGGGCAGGGTCCAGACAGGCCA-
CAAGAAGTCAGCTATACAGACACTAAAGTGATTGGAAATGGATCATTTGGTGTGGTATATCAAGCCAAACTTTGTGATTCAGGAGA-
ACTGGTCGCCATCAAGAAAGTATTGCAGGACAAGAGATTTAAGAATCGAGAGCTCCAGATCATGAGAAAGCTAGATCACTGTAA-
CATAGTCCGATTGCGTTATTTCTTCTACTCCAGTGGTGAGAAGAAAGATGAGGTCTATCTTAATCTGGTGCTGGACTATGTTCCG-
GAAACAGTATACAGAGTTGCCAGACACTATAGTCGAGCCAAACAGACGCTCCCTGTGATTTATGTCAAGTTGTATATGTATCAGCT-
GTTCCGAAGTTTAGCCTATATCCATTCCTTTGGAATCTGCCATCGGGATATTAAACCGCAGAACCTCTTGTTGGATCCTGATACT-
GCTGTATTAAAACTCTGTGACTTTGGAAGTGCAAAGCAGCTGGTCCGAGGAGAACCCAATGTTTCGTATATCTGTTCTCGGTAC-
TATAGGGCACCAGAGTTGATCTTTGGAGCCACTGATTATACCTCTAGTATAGATGTATGGTCTGCTGGCTGTGTGTTGGCTGAGCT-
GTTACTAGGACAACCAATATTTCCAGGGGATAGTGGTGTGGATCAGTTGGTAGAAATAATCAAGGTCCTGGGAACTCCAA-
CAAGGGAGCAAATCAGAGAAATGAACCCAAACTACACAGAATTTAAATTCCCTCAAATTAAGGCACATCCTTGGACTAAGGATTC-
GTCAGGAACAGGACATTTCACCTCAGGAGTGCGGGTCTTCCGACCCCGAACTCCACCGGAGGCAATTGCACTGTGTAGCCGTCT-
GCTGGAGTATACACCAACTGCCCGACTAACACCACTGGAAGCTTGTGCACATTCATTTTTTGATGAATTACGGGACCCAAATGT-
CAAACTACCAAATGGGCGAGACACACCTGCACTCTTCAACTTCACCACTCAAGAACTGTCAAGTAATCCACCTCTGGCTACCATCCT-
TATTCCTCCTCATGCTCGGATTCAAGCAGCTGCTTCAACCCCCACAAATGCCACAGCAGCGTCAGATGCTAATACTGGAGACCGTG-
GACAGACCAATAATGCTGCTTCTGCATCAGCTTCCAACTCCACCTGACTCGAG


