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Background: Gastric cancer (GC) is a leading cause of cancer-related mortality worldwide. Oxaliplatin
(OXA) based therapy plus/minus targeted therapy and immune check point inhibitors is the standard first-
line treatment for advanced GC; however, its clinical efficacy is often hindered by the development of drug
resistance. Cyclin-dependent kinase 12 (CDKI12), a transcriptional regulator linked to DNA repair, plays a
crucial role in transcription, cancer progression as well as drug resistance, where its exact role is unclear. In
this study, we will investigate the role of CDK12 in GC progression and its potential as a therapeutic target
specifically to enhance the efficacy of OXA.

Methods: CDKI12 expression in GC tissues was analyzed by quantitative polymerase chain reaction (QPCR)
and tissue microarrays (TMAs). A Kaplan-Meier survival analysis was conducted to assess the relationship
between CDK12 levels and clinical outcomes. The effect of the CDK12 inhibitor combined with OXA was
evaluated through in vive and in vitro models. RNA-sequencing and western blots were used to investigate
the molecular mechanisms of CDK12 inhibitor sensitizing OXA.

Results: CDKI12 exhibited significant amplification frequency in GC. The Mendelian-randomization
analysis revealed a positive causal association between elevated CDKI12 expression and an increased risk of
GC. Additionally, CDK12 was significantly overexpressed in GC tissues compared with adjacent normal
tissues, and its high expression was significantly associated with a worse prognosis. The functional assays
revealed that combining the CDK12 inhibitor THZ531 with OXA synergistically suppressed GC cell
proliferation, induced apoptosis, and reduced colony formation iz vitro, while substantially inhibiting tumor
growth in xenograft models. Mechanistically, CDK12 inhibition disrupted MAPK signaling, leading to
enhanced OXA-induced DNA damage and potentiated anti-tumor effects.
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Conclusions: Our findings suggest that CDK12 inhibition may represent a promising strategy for

overcoming OXA resistance and improving GC treatment outcomes.
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Introduction

Gastric cancer (GC) remains a significant global health
problem, it is one of the most common malignancy
worldwide. In 2022, there were 968,400 new cases of GC,
making it the fifth most common cancer worldwide, and
659,900 GC-related deaths, making it the fifth leading cause
of cancer-related deaths worldwide (1). GC is particularly
prevalent in China and poses a significant public health
challenge (2). Due to atypical and occult symptoms in the
early stages, most GC patients are diagnosed at advanced

Highlight box

Key findings

* Cyclin-dependent kinase 12 (CDK12) is overexpressed in gastric
cancer (GC) tissues and is associated with poor survival outcomes.

* CDKI12 inhibition using THZ531 enhances oxaliplatin (OXA)-
induced DNA damage and apoptosis iz vitro and in vivo.

* The synergistic effect of THZ531 and OXA is mediated by the
suppression of the MAPK signaling pathway.

What is known, and what is new?

* OXA-based chemotherapy plus/minus targeted therapy is the
standard first-line treatment for advanced GC, but its efficacy
is often hindered by the development of resistance. CDKI2 is a
transcription-associated cyclin-dependent kinase involved in DNA
damage repair and has been implicated in drug resistance in several
cancers.

® Our findings suggest that CDKI12 could serve as a prognostic
biomarker and a therapeutic target for GC. Further, we found that
CDK12 inhibition sensitizes GC cells to OXA by amplifying DNA
damage and impairing MAPK signaling.

What is the implication, and what should change now?

e Targeting CDKI2 is a promising therapeutic strategy to overcome
OXA resistance in GC.

* Combining CDK12 inhibitors with DNA damaging agents like
OXA can become a novel therapeutic approach for the treatment
of advanced GC.

* Future clinical studies should evaluate the safety and effectiveness
of CDK12-targeted therapies in OXA-resistant GC patients.
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stages which impact prognosis as the cancer has spread
beyond the stomach at the time of diagnosis (3). Oxaliplatin
(OXA)-based combination chemotherapy plus/minus
targeted therapy and immune checkpoint inhibitors remains
the standard first-line standard treatment for advanced GC,
offering survival benefits and disease control (4). However,
chemoresistance remains a significant challenge affecting
overall survival (5). Understanding and overcoming the
molecular mechanism behind chemoresistance is crucial for
improving treatment outcome in patients with GC.

OXA resistance is a major clinical challenge and is
closely associated with dysregulated cell-cycle progression
and enhanced DNA damage repair mechanisms (6,7).
Cyclin-dependent kinases (CDKs), key regulators of the
cell cycle, play significant role in OXA resistance, thus,
CDK inhibitors may be a potential therapeutic strategy to
overcome the resistance (8,9). The CDK family comprises
20 members (CDK1-20). Notably, cyclin-dependent kinase
12 (CDK12) plays critical roles in DNA repair, including
cell-cycle regulation, transcription, and the DNA damage
response (10). CDK12 mutations and amplifications is
the predominant alteration in cancer (11,12). Therefore,
understanding and targeting the CDK12 in GC can restore
sensitivity to oxaliplatin and enhance its anti-tumor effects.

Multiple CDK inhibitors have been designed as potential
therapeutic agents for the treatment of cancer (13,14) and
more recently CDK12 inhibitors (15). The inhibition
of CDK12 has shown promise in preclinical models,
particularly in enhancing the sensitivity of prostate cancer
to chemotherapy and targeted therapies (16). Recent studies
suggest that CDK12 inhibitors can also sensitize breast
cancer to DNA-damaging agents by impairing DNA repair
mechanisms (17,18). These findings suggest that CDK12
inhibitors may potentiate the efficacy of chemotherapeutic
agents in tumors characterized by enhanced DNA repair
capacity. However, the question of whether CDK12
inhibition can overcome chemoresistance in GC remains
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largely unexplored. Given the pivotal role of CDK12 in
DNA damage repair and its association with chemotherapy
resistance, further studies are needed to evaluate the
ability of CDK12 inhibitors to restore OXA sensitivity and
improve therapeutic outcomes in GC.

"This study aim is to explore the role and the mechanisms
of CDK12 in GC progression and chemoresistance and
evaluate the potential of CDK12 inhibition to enhance
DNA damage and overcome OXA resistance. We present
this article in accordance with the ARRIVE and MDAR
reporting checklists (available at https://jgo.amegroups.
com/article/view/10.21037/jgo-2025-392/rc).

Methods
Clinical samples and tissue microarrays (TMAs)

Twenty paired gastric cancer and adjacent normal tissues
were freshly collected from patients undergoing radical
gastrectomy at The Sixth Affiliated Hospital of Sun Yat-sen
University. The study was conducted in accordance with the
Declaration of Helsinki and its subsequent amendments.
The study was approved by the Research Ethics Board at
The Sixth Affiliated Hospital of Sun Yat-sen University (No.
2025ZSLYEC-047) and informed consent was taken from
all the patients.

Paraffin-embedded samples from 324 GC patients
undergoing initial radical resection between January
2013 and August 2022 were evaluated. Comprehensive
clinicopathological data, including tumor staging (using
the American Joint Committee on Cancer criteria), were
obtained from the GC database. Tumor tissue cores were
obtained from representative areas and embedded into
TMAs for further analysis. Immunohistochemical IHC)
staining was conducted on 5-pm slices, followed by antigen
retrieval and staining with primary antibodies.

Evaluation of IHC analysis

IHC staining was assessed using a semi-quantitative scoring
methodology in accordance with protocols described in
previous study (19). Two trained researchers assigned an
intensity score to each TMA spot, ranging from 1 (the
weakest) to 4 (the strongest). The proportion of positively
stained cancer cells was quantified in 25% increments
(£25% =1, 26-50% =2, 51-75% =3, >75% =4), and the
final H-score was calculated as the product of these two
components (intensity score x percentage score). Statistical
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analysis was conducted using GraphPad Prism software
(version 8.3.1).

For the hematoxylin and eosin staining, the tumor
tissues were fixed in 4% formalin, embedded in paraffin,
and sectioned into 5-pm slices. Following deparaffinization
and rehydration, the antigen was retrieved by being
microwaved in ethylenediaminetetraacetic acid (EDTA)
buffer. Endogenous peroxidase was then blocked with 3%
hydrogen peroxide and then incubated with goat serum for
1 hour. Next, the sections were incubated overnight at 4
°C with primary antibodies against CDK12 (1:500, Abcam,
Cambridge, UK, ab317746), Ki-67 (1:400, CS'T, Boston,
USA, #9449), and cleaved-caspase 3 (1:200, CST, Boston,
USA, #9661). Afterward, a secondary antibody was applied
for 20 minutes. Immunostaining was then visualized using
diaminobenzidine, and the slices were counterstained with
hematoxylin.

Differential expression analysis

RNA-sequencing data from The Cancer Genome Atlas
(TCGA) (https://portal.gdc.cancer.gov/) and Genotype-
Tissue Expression (GTEx) databases (http://gtexportal.org/
home/) were used to identify the differentially expressed
genes (DEGs) and pathways. A Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis and a gene
set enrichment analysis (GSEA) were performed using the
limma (Bioconductor) and ClusterProfiler (Bioconductor)
packages of R software (version 4.3.2). The criteria for
differential expression were set as follows: “adjusted
P<0.05 and Log, >1”. The GSEA results are presented as
normalized enrichment scores. A false discovery rate of
<0.25 and a P value <0.05 were set as the thresholds for
determining statistical significance.

Potential target genes of GC

The data for the cell cycle-associated target genes were
obtained from the Genecards database (https://www.
genecards.org/, Weizmann Institute of Science), which is a
comprehensive platform that provides detailed predictions
and annotations of human genes (20). The GeneCards
database was searched for enriched DEG pathways
by targeting the top 1,000 genes or using a minimum
score threshold of 7. Potential genes targeting cell-cycle
regulation came from the CDK family (13,21,22). The
table available at https://cdn.amegroups.cn/static/public/
jgo-2025-392-1.xlsx provides detailed information on
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the identified cell cycle-related target genes and their
corresponding pathway annotations. A Venn diagram
(https://bioinformatics.psb.ugent.be/webtools/Venn/) was
generated to visualize the overlapping DEGs among the
five cell-cycle pathways.

Two-sample Mendelian randomization (MR)

This study employed two-sample MR to assess the causal
relationship between CDK12 and GC. The inverse
variance-weighted (IVW) method, known for its high
statistical power, was the primary analytical method for
assessing effect estimates when two or more instrumental
variables (IVs) were present. Four additional two-sample
MR analysis methods (i.e., Egger, weighted median, simple
mode, and weighted mode) were used to supplement
the IVW results. Sensitivity analyses, such as MR-Egger
regression and MR-Pleiotropy RESidual Sum and Outlier
analyses, were conducted to evaluate horizontal pleiotropy
and ensure robustness. Cochran’s Q test was used to
quantify the heterogeneity among the IVs, while a leave-
one-out analysis was conducted to assess the influence of
individual single nucleotide polymorphisms (SNPs). Odds
ratios (ORs) and 95% confidence intervals (Cls) were used
to present all the results. A P value <0.05 was considered
statistically significant. The genetic variants for CDK12
and GC were obtained from the IEU Open GWAS Project
(https://gwas.mrcieu.ac.uk/). The CDKI12 genetic data
were obtained from the project eQTL dataset in IEU Open
GWAS, and the outcome GWAS identification was “finn-
b-C3_STOMACH?”. In this study, IVs were selected based
on the following criteria: P<5x107, or P<1x10~ when there
were not enough genome-wide significant loci. Notably,
linkage disequilibrium was managed by clumping to
minimize bias; and IVs with an F-statistic <10 were omitted
to alleviate weak instrument bias.

Kaplan-Meier (K-M) survival analysis

We study the correlation between CDK12 expression and

overall survival in patients with GC using K-M plotter
(https://kmplot.con/).

RNA sequencing

The sequencing of messenger RNAs (mRNAs) was
performed on the DNBSEQ platform (BGI Co., Ltd.,
Beijing, China) to identify the differentially expressed
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mRNAs within paired GC tissues.

Cell culture and treatment

All the commercial cell lines were obtained from American
Type Culture Collection (ATCC). All human gastric cell lines
(GES-1, AGS, NCI-N87, SNU638, SNU668, NUGC3,
NUGC4 and HGC27) were maintained in Roswell Park
Memorial Institute Medium 1640 or Dulbecco’s Modified
Eagle Medium supplemented with 1% penicillin/streptomycin
(Gibco, CA, USA) and 10% fetal bovine serum (HyClone,
GE Healthcare Life Sciences, Pittsburgh, PA, USA). THZ531
(T4293), a potent CDK12 and CDK13 inhibitor, was
purchased from Targetmol (Boston, MA, USA).

Colony formation assay

Single-cell suspensions were seeded at a density of 20,000
cells per well in six-well plates. The medium was replaced
every 3 days during the 12-day culture period. The cell
colonies were then fixed, stained and photographed.

Cell proliferative assay

To examine growth inhibition, the cells were plated in black
96-well microtiter plates at the optimal seeding density,
with three replicates per condition. After 24 hours, the cells
were treated with either OXA THZ531, or a combination
of both, and cultured at 37 °C for 96 hours. The CellTiter-
Glo Luminescent Cell Viability Assay (#G7573, Promega,
Madison, WI, USA) was performed following procedures
described in the product instructions.

Tumorsphere formation assay

First, 10,000 cells were evenly seeded into each well of a 12-
well ultra-low attachment plate, which was supplemented
with heparin (1:500), hydrocortisone (0.5 pg/mL), and
Mammocult medium (STEMCELL Technologies,
Vancouver, BC, Canada). To maintain the integrity of
the tumor spheres, 500 mL of the same medium were
replenished tri-daily. After a 10-day incubation period,
the spheres were photographed and subjected to semi-
quantitative analysis using Image] software (version 2.0.0).

Reverse transcription-qPCR

Total RNA was isolated using TRIZOL (Invitrogen,
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Karlsruhe, Germany) and then reverse-transcribed with
ReverTra Ace® quantitative polymerase chain reaction
(qPCR) reverse transcription (RT) Master Mix (TOYOBO,
Osaka, Japan). Gene expression was measured using
the LightCycler480 PCR system (Roche, Mannheim,
Germany) using 2x SYBR Green qPCR Master Mix
(Biotool, Texas, USA, #B21203) and normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The following primer sequences were used: CDK12-F:
5'-ACCCTACAGAGCGACTTCCTTAAA-3" and
CDKI12-R: 5'-TTCGAGAAGTTTTGGATGGAGGTG-3',
GAPDH-F: 5'-GGAGCGAGATCCCTCCAAAAT-3" and
GAPDH-R: 5'-GGCTGTTGTCATACTTCTCATGG-3".

Western blot analysis

Protein extracts were prepared with radioimmunoprecipitation
assay (RIPA) cell lysis buffer (containing 1 mM of EDTA,
50 mM of Tris-HCI, 150 mM of NaCl, 200 mM of NaF,
and 200 mM of phenylmethanesulfonyl fluoride (PMSF),
0.5% deoxycholate sodium, and 1.0% NP40), and the
protease inhibitor cocktail (Roche, Basel, Switzerland).
The protein samples were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred
to polyvinylidene fluoride membranes, and subjected to
immunoblotting. The primary antibodies used were anti-
CDK12 rabbit mAb (#11973S, CST, Boston, USA) and
anti-GAPDH mouse mAb (#GB12002-100, Servicebio,
Wuhan, China).

Xenograft tumor model in nude mice

To establish the xenograft tumor model, 5x10° NUGC3
cells suspended in 0.1 mL of phosphate-buffered saline
were subcutaneously injected into the right flank of female
athymic BALB/c nude mice (5-8 weeks old, purchased from
GemPharmatech, Nanjing, China). The tumor-bearing
mice were housed under specific pathogen-free conditions
with a controlled temperature and light cycles. When the
tumors reached an average volume of 70 mm’, the mice
were randomized into the following four groups (n=4/
group) with matched tumor burdens: the control group,
which received an intraperitoneal (i.p.) injection of dimethyl
sulfoxide (DMSO); the THZ531 monotherapy group,
which received 10 mg-kg™ every 3 days (i.p.); the OXA
monotherapy group, which received 3 mg kg™ every 3 days
(i.p.); and the combination therapy group, which received
THZ531 + OXA (at the same doses and schedule as the
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monotherapy and i.p. injection groups). The tumor volume
and whole-body weight were measured every other day
using Vernier calipers, and the volume was calculated using
the following formula: V = W’ x L/2. Therapeutic efficacy
was evaluated over ~3 weeks post-treatment initiation. The
mice were euthanized when the tumors reached 1,000 mm’
or at the conclusion of the study. The excised tumors were
weighed, photographed, and preserved for downstream
analyses. A protocol was prepared before the study without
registration. All the animal experiments were performed
under a project license (No. IACUC-2023080302) granted
by the Laboratory Animal Ethics Committee of The Sixth
Affiliated Hospital of Sun Yat-sen University, in compliance
with institutional guidelines for the care and use of animals.

Statistical analysis

The data are expressed as the mean = standard deviation,
unless otherwise specified. Statistical significance was
assessed using a two-tailed Student’s #-test for comparisons
between two groups, and a two-way analysis of variance with
Dunnett’s multiple comparisons test for analyses of multiple
groups, using GraphPad Prism software (version 8.3.1). A P
value <0.05 was considered statistically significant.

Results

Cell-cycle pathway dysfunction is a critical characteristic
of GC

To identify potential targets in the pathogenesis and
progression of GC, the DEGs in the paired tumor and
adjacent non-tumor tissues from GC patients were
analyzed. The KEGG pathway enrichment analysis revealed
significant enrichment of the cell-cycle pathway and other
pathways related to cell-cycle regulation in the GC tissues
compared to their non-tumorous counterparts (Figure 1A4).
Given the central role of the CDK family in regulating the
cell cycle (23), we examined the CDK family along with cell
cycle-related pathways from the GeneCards database. The
Venn diagram analysis revealed that CDK1, CDK2, CDK4,
CDK7, CDK9, and CDK12 were significantly involved
as key mediators in the cell cycle (Figure 1B). Notably,
CDKI12 showed the most significant genomic alterations
in TCGA-GC dataset (Figure 1C). CDK12 was primarily
characterized by a high frequency of amplification, which
likely contributes to its overexpression and subsequent
effect on cell-cycle dysregulation. Moreover, an examination
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Figure 1 Cell-cycle pathway dysfunction is a critical characteristic of GC. (A) Functional enrichment: enriched KEGG signaling pathways
in GC tissues compared to adjacent non-tumor tissues. (B) Venn diagram analysis illustrating the overlap between the cell cycle-related
pathways from the KEGG and CDK family members derived from the GeneCards database. (C) Distribution of genomic alterations in the
CDKs in TCGA-GC cohort. (D) Associations between CDK12 expression and GC based on MR analysis. CDK12, cyclin-dependent kinase
12; CI, confidence interval; GC, gastric cancer; IVW, inverse variance weighted; KEGG, Kyoto Encyclopedia of Genes and Genomes; MR,
Mendelian randomization; OR, odds ratio; PD-1, programmed cell death 1; PD-L1, programmed death-ligand 1; TCGA, The Cancer

Genome Atlas.

of CDKI12 alterations across 32 cancer types showed that
GC had the highest mutation rate for CDK12 (Figure S1).
A two-sample MR analysis showed that increased CDK12
expression correlates with an increased risk of GC

(OR =1.217, 95% CI: 1.049-1.412), representing a 21.7%

increase in the risk of GC for every standard deviation
increase in CDK12 expression (Figure 1D). The sensitivity
analysis results revealed no pleiotropy and heterogeneity
(Figure S2 and Tables S1,52). These results highlight the
critical function of CDKI12 in GC development, confirming
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its potential as a significant therapeutic target.

CDK12 is increased in tumor tissues and corrvelates with
poor prognosis

To explore the clinical significance of CDK12 in GC, we
initially examined the RNA-sequencing data from TCGA-
stomach adenocarcinoma (STAD) cohort, which showed
that the CDK12 mRNA expression was significantly
increased in the tumor tissues relative to the adjacent
normal tissue (Figure 2A4). The K-M survival analysis
revealed a significant association between high CDK12
expression and shorter OS (Figure 2B), indicating CDK12%
potential as a prognostic biomarker. Findings were similar
in our cohort of 20 GC patients where CDK12 mRNA
levels were higher in tumor tissues compared to their
normal counterparts (Figure 2C). We further substantiated
these findings through comprehensive IHC profiling
on TMAs that included 324 GC cases with detailed
clinicopathological annotations (Tuzble 1I). CDK12 was
significantly upregulated in the GC tissues relative to the
corresponding normal gastric tissues (Figure 2D). Patients
in the TMA cohort were classified into high (n=84) and low
(n=240) CDK12 expression groups based on the median
IHC score (Figure 2E). Additionally, elevated levels of
CDK12 correlated with worse OS and disease-free survival
(DFS), underscoring a heightened risk of recurrence
(Figure 2F). The results suggest that the amplification of
CDK12 is correlated with both a poor prognosis and tumor
recurrence.

OXA efficacy is enbanced by CDK12 inbibition in vitro

To investigate the potential link between CDK12
expression and chemoresistance in GC, we examined
the relationship between CDKI12 expression levels and
OXA-induced cytotoxicity across a panel of GC cell lines
(Figure 3A4). The colony formation assay results showed that
CDKI12 overexpression decreased OXA-induced apoptosis
(Figure 3B). We then investigated the effect of CDK12
inhibition on the cell viability-suppressing effect of
OXA. The proliferation and colony formation assay
results revealed that combining the CDKI12 inhibitor
THZ531 with OXA significantly potentiated the OXA
suppressive effects on cell growth and colony formation
(Figure 3C,3D). Cancer stemness is associated with
enhanced chemoresistance and plays a critical role in
tumor recurrence (24,25). Sphere-forming capacity is a
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widely used in vitro method to assess tumor cell stemness.
To further investigate the role of CDKI12 in regulating
stem-like properties in GC, we evaluated the effect of
CDK12 inhibition on tumorsphere formation. Notably,
the pharmacological inhibition of CDK12 exerted a potent
synergistic effect in conjunction with OXA to impede
tumorsphere formation (Figure 3E). Our results suggest that
targeting CDK12 may improve OXA sensitivity in GC.

CDK12 inhibition significantly enbances the anti-tumor
effect of OXA in vivo

To further evaluate the therapeutic potential in vivo, we
assessed the anti-tumor efficacy of OXA and THZ531 in
xenograft mouse model. The combination significantly
suppressed tumor growth in contrast to monotherapy or
the control group as indicated by decrease in both the
tumor dimensions and mass (Figure 44). Importantly,
the combination regimen was well tolerated, with no
significant body weight loss observed in any group
throughout the study (Figure 4B). Additionally, the tumor
volume measurements revealed a significant decrease
in the combination group relative to the OXA-only or
THZ531-only groups (Figure 4C). The statistical analysis
further confirmed a synergistic effect, with tumor weights
significantly lower in the combination group (P<0.01,
P<0.001; Figure 4D). Moreover, the IHC analysis showed
that the combination treatment produced a more significant
anti-tumor effect compared to either treatment alone.
This was characterized by a significant decrease in Ki-
67 and cleaved-caspase 3 (Figure 4E-4G). Collectively,
these findings show the enhanced therapeutic efficacy of
combining CDK12 inhibition with OXA and highlight its

potential clinical value in treating GC patients.

MAPK signaling is involved in GC cell OXA resistance
and enbanced DNA damage

To further evaluate the molecular mechanism underlying
the synergistic effect of CDK12 inhibition and OXA, we
conducted RNA sequencing on NUGC3 cells treated with
OXA with or without the CDK12 inhibitor. The KEGG
pathway enrichment analysis revealed that hallmark KRAS
signaling downregulation (DN) was significantly enriched
in the combination group (Figure 5A4). The GSEA results
further supported these findings, showing the activation
of KRAS signaling DN in cells receiving the combination
therapy (Figure 5B). Given the pivotal role of the Ras-
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Figure 2 CDKI2 is increased in tumor tissues, and is associated with the poor prognosis of GC patients. (A) mRNA expression levels of
CDKI12 in tumor tissues and normal tissues based on TCGA-STAD cohort. (B) The K-M curves of OS in the GC cohort from the K-M
plotter database grouped according to high (red, n=460) and low (black, n=171) CDK12 expression. (C) Reverse transcription-qPCR analysis
of CDK12 expression in tumor tissues and adjacent normal tissues. (D) Representative IHC images showing CDK12 expression in GC
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Table 1 Relationship between CDKI12 protein expression levels and clinicopathological characteristics in GC patients
Variables Overall (n=324), n (%) Low CDK12 (n=240), n (%) High CDK12 (n=84), n (%) P value
Gender 0.99
Female 105 (32.4) 78 (32.5) 27 (32.1)
Male 219 (67.6) 162 (67.5) 57 (67.9)
Age (years) 0.008
<60 146 (45.1) 119 (49.6) 27 (32.1)
>60 178 (564.9) 121 (50.4) 57 (67.9)
Differentiation 0.48
High 18 (5.6) 12 (5.0 6 (7.1)
Low 235 (72.5) 172 (71.7) 63 (75.0)
Middle 71 (21.9) 56 (23.3) 15 (17.9)
Lauren classification 0.50
Diffuse 130 (40.1) 92 (38.3) 38 (45.2)
Intestinal 105 (32.4) 77 (32.1) 28 (33.3)
Mixed 81 (25.0) 65 (27.1) 16 (19.0)
Unknown 8 (2.5) 6 (2.5) 2 (2.4)
T 0.08
| 40 (12.3) 34 (14.2) 6 (7.1)
Il 39 (12.0) 33 (13.8) 6(7.1)
1] 216 (66.7) 154 (64.2) 62 (73.8)
\% 29 (9.0) 19(7.9) 10 (11.9)
N 0.02
0 108 (33.3) 89 (37.1) 19 (22.6)
1 60 (18.5) 46 (19.2) 14 (16.7)
2 56 (17.3) 42 (17.5) 14 (16.7)
3 100 (30.9) 63 (26.2) 37 (44.0)
M 0.005
0 293 (90.4) 224 (93.3) 69 (82.1)
1 31 (9.6) 16 (6.7) 15(17.9)
Stage 0.001
1 57 (17.6) 49 (20.4) 8(9.5)
2 108 (33.3) 86 (35.8) 22 (26.2)
3 128 (39.5) 89 (37.1) 39 (46.4)
4 31(9.6) 16 (6.7) 15(17.9)
LVI 0.02
No 209 (64.5) 164 (68.3) 45 (53.6
Yes 115 (35.5) 76 (31.7) 39 (46.4
PNI 0.99
No 197 (60.8) 146 (60.8) 51 (60.7)
Yes 127 (39.2) 94 (39.2) 33 (39.3)

CDK12, cyclin-dependent kinase 12; GC, gastric cancer; LVI, lymphovascular invasion; M, metastasis; N, node; T, tumor; PNI, perineural

invasion.
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Raf-MEK-ERK signaling cascade in regulating cellular
proliferation, differentiation, and survival (26,27), we
next investigated whether CDK12 inhibition enhances
OXA sensitivity by blocking the activation of the MAPK
signaling pathway. It was observed that the phosphorylation
levels of MEK and ERK were significantly suppressed
in the context of OXA or THZ531 monotherapy, with a
more pronounced effect in the combination therapy group
(Figure 5C). Additionally, the y-H2AX levels were
significantly elevated in the combination group, indicating
increased DNA damage when CDK12 inhibitor was
combined with OXA (Figure 5C). The outcomes were
congruent with our hypothesis, suggesting that the
combination of OXA and CDKI12 inhibitor further
downregulate the MAPK signaling pathway. This
phenomenon was further confirmed in the NUGC3-
derived xenograft mouse model where the combination
therapy resulted in a dramatic suppression of the MAPK
signaling pathway compared to the control or monotherapy
groups (Figure 5D). Collectively, the pharmacological
inhibition of CDKI12 disrupts this pathway, amplifies OXA-
induced DNA damage, and ultimately enhances anti-tumor
efficacy. These findings highlight the therapeutic potential
of targeting CDK12 to overcome OXA resistance in GC.

Discussion

Chemotherapy based on OXA continues to be the standard
treatment for GC; however, resistance can lead to treatment
failure and poorer outcome. In this study, we showed
that CDKI12 is frequently amplified and overexpressed
in GC tissues and it correlates with poor OS and DFS.
Functionally, THZ531, a CDK12 inhibitor, significantly
sensitized the GC cells to OXA in vitro and in vivo by
enhancing DNA damage and apoptosis. Mechanistically,
CDK12-driven resistance is mediated by the activation of
the MAPK signaling pathway (Figure 6). These findings
establish CDK12 as a promising therapeutic target for
overcoming chemoresistance and improving clinical
outcomes in GC.

Disruption of the cell cycle is a hallmark of cancer
progression and treatment resistance (28). CDKs, as master
regulators of cell-cycle progression and transcriptional
control, have emerged as attractive therapeutic targets
across various malignancies (29-31). Among them, CDK12
has been shown to play a pivotal role in maintaining
genomic stability by regulating the transcription of DNA
damage response genes, and its silencing is lethal in cancers

© AME Publishing Company.
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like breast cancer and osteosarcoma (18,32). Studies
have reported that CDK12 plays a significant role in the
biological processes of GC, but this remains a subject of
debate. One study reported reduced CDK12 expression in
GC tissues (33), while other investigations have identified
CDKI12 as an oncogenic driver that promotes tumor
progression (34,35). The variations in results might be due
to the different age groups and limited sample sizes. Our
data supported the latter finding; that is, our MR analysis
revealed a causal association between elevated CDK12
expression and increased GC risk, underscoring its potential
role in disease initiation and progression. Consistently, both
the qPCR and IHC analyses confirmed significantly higher
CDK12 expression in GC tissues compared to adjacent
non-tumorous tissues. Together, these findings support the
notion that CDK12 acts as an oncogenic driver in GC, and
highlight its potential as a promising therapeutic target for
overcoming disease progression and resistance.

Additionally, there is increasing evidence showing the
effectiveness of CDK12 inhibition in inhibiting tumor
proliferation, and synthetic-lethal interactions have been
described with targeted therapeutics (36). Johnson and
colleagues showed that the pharmacological inhibition
of CDKI12 significantly enhanced the sensitivity of
breast cancer cells to poly(ADP-ribose) polymerase
(PARP) inhibitors, promoting synthetic-lethality through
homologous recombination (HR) deficiency (18). In
parallel, Choi et a/. reported that CDK12 inhibition
potentiates the anti-tumor efficacy of trastuzumab in
HER?2-positive breast cancer (37). Moreover, Maity e al.’s
study provided compelling evidence that targeting CDK12
can reverse acquired resistance to osimertinib in lung
adenocarcinoma (38). While these findings have been well
documented in breast, lung, and prostate cancers, their
relevance in GC remains incompletely understood.

Our work extends the concept of CDKI12 inhibition-
mediated chemosensitization to GC, linking CDK12’s DNA
repair function to the OXA chemotherapeutic response.
Our study showed that CDK12 inhibition significantly
enhanced the efficacy of OXA against GC cells. Compared
to OXA treatment alone, treating the cells with the CDK12
inhibitor led to increased OXA-induced DNA damage and
apoptosis. We also observed higher levels of YH2A and
cleaved-caspase 3 in the CDK12-suppressed cells upon
OXA exposure. These results indicated that the CDK12-
inhibited cells could not effectively repair or tolerate the
DNA lesions from OXA, resulting in the accumulation of
lethal damage.
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Several studies tried to explore the mechanism of CDK12
inhibition in overcoming drug resistance; for instance,
Choi er al. reported that CDK12 inhibition potentiates
the anti-tumor efficacy of trastuzumab in HER2-positive
breast cancer and Maity er a/. showed that targeting CDK12
reverses resistance to osimertinib in lung adenocarcinoma
via the inhibition of the AK'T signaling pathway (37,38). In
relation to GC, our findings indicated that the inhibition
of CDK12 enhances the therapeutic efficacy of OXA by
disrupting MAPK signaling. The MAPK cascade governs
critical cellular processes, such as proliferation and survival,
and may contribute to chemoresistance. We showed that
CDK12 inhibition attenuates the phosphorylation of key
MAPK components, MEK and ERK, and potentiates OXA-
induced DNA damage, offering a mechanistic basis for the
observed synergy.

© AME Publishing Company.

Our research provides significant insights into the
function of CDKI12 in GC; however, some limitations
merit consideration. Despite the efficacy observed with
THZ531 in preclinical models, it exhibits dual inhibitory
activity against both CDK12 and CDK13 due to the high
degree of structural homology between these kinases
(39,40). Thus, highly selective CDK12 inhibitors need to be
developed to mitigate these risks and maximize the clinical
benefits. Further, the conclusions drawn from our study
are based on in vitro and in vivo preclinical models. The
translational potential of CDK12 inhibition in GC requires
rigorous evaluation in clinical settings to assess its safety,
pharmacodynamics, and therapeutic efficacy.

Therapeutically, these findings have important
implications. OXA induces extensive DNA crosslinks and
double-strand breaks, while CDK12 inhibition cripples
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the transcriptional regulation of DNA damage repair
genes, specifically impairing HR repair. Together, this dual
blockade overwhelms the tumor capacity to repair genomic
lesions, leading to restored chemosensitivity in GC cells.
These observations suggest that co-targeting CDK12
alongside DNA-damaging agents like OXA could represent
a compelling strategy for overcoming chemoresistance in

refractory GC.

Conclusions

This study identified CDK12 as a critical regulator of
chemoresistance in GC and highlighted its potential as
a therapeutic target. By combining CDKI12 inhibition
with OXA, we offer a novel strategy for overcoming
chemotherapy resistance, improving treatment efficacy, and
ultimately enhancing the clinical outcomes of patients with
advanced GC.
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