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Abstract

Background: Thymidine kinases (TKs) are key enzymes involved
in DNA synthesis and repair, with alterations in their expression as-
sociated with various cancers. Thymidine kinase 1 (TK1) and TK2
are cytosolic enzyme proteins that catalyze the addition of a gamma-
phosphate group to thymidine. The existing literature on TK1 in cer-
vical squamous cell carcinoma (CESC) fails to address the clinical
role of TK1 overexpression and its possible molecular mechanism in
CESC. The clinical significance of TK2 in CESC is also unknown.
The objective was to explore the differential expression, clinical sig-
nificance, and molecular mechanisms of TK1 and TK2 in CESC.

Methods: The researchers collected global high-throughput data, ex-
tracted the expression levels of TK1 and TK2, and calculated the inte-
grated standardized mean difference (SMD) and summarized receiver’s
operating characteristics (SROC) of TK1 or TK2 mRNA to investigate
the expression profiles of TK genes fully and objectively in 918 CESC
tissues and 360 control tissues. In-house tissue microarrays for immu-
nohistochemical testing were used to verify the protein level of TK1
in 62 CESC tissues and control tissues. The growth effect of TK1 and
TK2 in CESC cell lines was assessed using Chronos dependency scores
derived from CRISPR knockout screen in the Achilles project. We also
analyzed the potential mechanism of TK genes by studying the rela-
tionship between TK gene expression and immune infiltration, gene
alternations as well as the related signal pathways.

Results: The various detection methods employed all confirmed
that the TK1 expression is upregulated and TK2 is downregulated in
CESC tissues (SMD: 2.44, 95% confidence interval (CI): 1.36 - 3.51,
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area under curve (AUC): 0.88, 95% CI: 0.85 - 0.90; SMD: -0.69, 95%
CI: -1.25 to -0.14, AUC: 0.75, 95% CI: 0.71 - 0.78). Inhibition of
TK1 expression by CRISPR knockout had negative influence on the
biological functions of 11 CESC cell lines. The expression of TK2
was negatively correlated with the malignant progression of CESC.
Expression of TK genes showed significant association with the im-
mune infiltration of macrophages, CD4" T cells, and neutrophils.
Genes related with TK1 or TK2 were involved in pathways related to
DNA replication, proteasome, and homologous recombination.

Conclusions: Clinically, these findings suggest that the differential ex-
pression of TK1 and TK2 could serve as potential biomarkers, as well
as therapeutic targets for personalized treatment strategies in CESC
patients.

Keywords: Thymidine kinase genes; Cervical squamous cell carci-
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Introduction

According to the latest global statistics on the incidence and
mortality of tumors, cervical cancer came as the fourth most
commonly diagnosed tumor in women [1]. According toa2018
global epidemiological assessment of malignant tumors, there
were approximately 570,000 newly diagnosed cases of cervi-
cal cancer worldwide, accounting for 3.15% of all cancers; in
the same year, 310,000 people died of cervical cancer, which
accounted for 3.26% of all cancer deaths globally [2]. In the
United States, a total of 14,480 estimated new cases and 4,290
estimated deaths from cervical cancer were predicted to occur
in 2021 [3]. In China, the number of patients with cervical can-
cer is also increasing [4]. Cervical squamous cell carcinoma
(CESC) is the most common subtype of cervical cancer based
on histology classification; it accounts for more than 90% of
all cervical cancers. Squamous cell carcinoma cells originate
from the squamous cells on the surface epithelial layer of the
cervix. Most CESC occurs following a pre-cancerous period,
characterized by high-grade squamous intraepithelial lesions
[5-8]. Infection by the high-risk subtypes of human papillo-
mavirus (HPV) is the most vital risk factor for CESC [9-11].
Although some risk factors for CESC have been confirmed, it
is thought that many unknown molecules influence the initial
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Figure 1. The overall design of the current study.

carcinogenesis and subsequent progression of CESC [12-17].
The clinical value of targeting these molecules for therapeutic
interventions and their precise molecular mechanisms need to
be further studied.

As one of the key enzymes in DNA metabolism, thymi-
dine kinases (TKs) catalyze the phosphorylation of thymidine
to thymidine monophosphate and serve as significant regula-
tors of the mammalian cell cycle [18, 19]. The TK genes con-
sist of two isoenzymes in human tissue: TK1 and TK2. TK1
presents in the cytoplasm and is mainly detected in the G1/S
phase of cell cycles of dividing cells, therefore TK1 exhibits
high activity in fetal and neoplastic tissues but is absent in rest-
ing cells. TK2 is of mitochondrial origin, and located in mito-
chondria. The enzyme levels of TK2 remain relatively constant
throughout the cell cycle. TK1 and TK2 differ in biochemical
properties. While TK1 migrates slowly during polyacrylamide
gel electrophoresis, TK2 migrates rapidly [20]. TK1 overex-
pression is reported to play pivotal roles in the occurrence and
progression of several cancer types, including breast cancer,
thyroid cancer, head and neck cancer, lung cancer, bladder can-
cer, prostate cancer, and colon cancer [21-27]. However, to the
best of the researcher’s knowledge, only two research studies
have investigated the expression levels of TK1 and its clinical
significance, both of which were based on a single detection
method and a small sample size [28, 29]. Specifically, one of
these studies performed only immunohistochemical analysis
of clinical samples sourced from an institute; no mRNA lev-
els were assessed and no prospective mechanism was explored
[29]. The other study collected three microarrays (GSE63514,
GSE9750, and GSE7803), which only represented a small pro-
portion of the global high-throughput data. The researchers
found that TK1 was among the differentially expressed genes
(DEGs) identified in the cervical cancer and non-cancer con-
trols. However, they did not show the exact expression lev-
els of TK1 mRNA, nor the validation of TK1 protein levels
[28]. Thus, the existing literature on the role of TK1 in CESC
has several shortcomings concerning the clinical role of TK1

and its possible molecular mechanism in CESC. With regard
to TK2, there has been no research concerning the expression
significance and clinical role of TK2 for CESC so far.

To bridge the existing research gaps and comprehensively
elucidate the roles of TK1 and TK2 in CESC and their poten-
tial clinical implications, we initiated our study by aggregating
global high-throughput datasets. We extracted and analyzed
the expression levels of TK1 and TK2, computing the inte-
grated standard mean difference (SMD) and the summarized
discrimination index to objectively quantify the expression
of these genes in CESC tissues. Additionally, we employed
in-house tissue microarrays for immunohistochemical vali-
dation of TK1 protein levels and further explored the crucial
functions of TK genes in the biological behavior of CESC
cell lines. Our investigations also extended to the molecular
mechanisms underlying the immune regulation mediated by
TK genes in CESC and assessed the predictive clinical rel-
evance of genetic alterations in TK1 and TK2. A targeted ap-
proach was undertaken through molecular docking to evaluate
potential therapeutic drugs. The overall design of the study is
illustrated in Figure 1.

Materials and Methods

Clinical significance of TK1 and TK2 expression in CESC
tissues

The TK1 and TK2 mRNA expression levels in CESC tissues

To investigate TK1 and TK2 mRNA expression in CESC tis-
sue samples, we first collected all currently available high-
throughput data on TK genes and then extracted the TK1 and
TK2 mRNA expression data from each independent study.
This was followed by integrated data analysis. The primary
screening was performed up until September 1, 2023. The fol-
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lowing high-throughput datasets were searched: Genotype-
Tissue Expression Project (GTEx), Gene Expression Omnibus
(GEO), The Cancer Genome Atlas (TCGA), Cancer Cell Line
Encyclopedia (CCLE), International Cancer Genome Consor-
tium (ICGC), ONCOMINE, Sequence Read Archive (SRA),
Genomic Expression Archive (GEA), and ArrayExpress.
Meanwhile, RNA-sequencing (RNA-seq) or microarrays were
also sought from studies in multiple literature databases such
as Web of Science, PubMed, and Wiley Online Library. In the
case that different microarrays were employed by the same
platform, we integrated them after removing the batch effect.
After the integration of the platforms, the microarray was ac-
cepted for subsequent calculations if the number of cases in
both the experimental group and the control group exceeded
3. The differences between mRNA expression of TK genes in
the CESC and control tissues were calculated using independ-
ent Student’s #-tests, and receiver’s operating characteristics
(ROC) was plotted according to previous reports [15, 29-33].

The TK1 protein expression levels in CESC tissues

To determine TK1 protein expression in the CESC tissues,
we used immunohistochemical analysis to detect and semi-
quantitatively evaluate the TK1 protein expression levels on
62 pairs of CESC specimens and corresponding control spec-
imens. The samples were provided by the tissue microarray
(OD-CT-RpUtr03-004 and OD-CT-RpUtr03-005, from Shang-
hai Outdo Biotech Co., Ltd). The tissue microarray production
procedure gained authorization from the Ethics Committee of
the Shanghai Outdo Biotech Co., Ltd (National Human Ge-
netic Resources Sharing Service Platform, 2005DKA21300)
and signed informed consent forms of agreeing with the use of
samples were gathered from all enrolled patients. Immunohis-
tochemical analysis was carried out according to previous re-
ports on the first antibody of TK1 (ab76495, Abcam) [34-37].
The staining results were also judged as previously reported in
terms of both staining intensity and range [34-37]. The same
statistical strategy for judging mRNA level was performed for
the TK1 protein level in the CESC tissue microarray.

The comprehensive measurement of TK1 and TK?2 expression
levels in CESC tissues

To comprehensively measure TK1 and TK2 expression, we
recalculated the final SMD and drew the summarized receiv-
er’s operating characteristics (SROC) curves with all available
expression data with TK1 and TK2 in CESC. The SMD was
calculated with all available gene microarrays, RNA-seq, and
an in-house tissue microarray using R software (v.3.6.1). The
sROC curves were exhibited using Stata (v.14.0) [38-41].

The essentiality of TK1 and TK? for biological functions of
CESC cell lines

The importance of TK1 and TK2 for the biological functions of

12 human CESC cell lines was evaluated through the Chronos
dependency scores from CRISPR knockout assays of project
Achilles [42].

The prognostic value of TK genes and correlations between
TK genes with clinical factors of CESC

The influence of TK1 and TK2 expression on the overall and
disease-free survival of CESC patients was assessed through
Kaplan-Meier survival curves with hazard ratio (HR) values
calculated based on Cox proportional hazard model [43]. Group
cutoff value for survival analysis of CESC patients was deter-
mined by the median expression value of TK1 and TK2 mRNA
expression. The correlation between expression of TK genes
and clinical parameters such as cancer stages, patient’s race, pa-
tient’s weight, patient’s age, histological subtype, tumor grade,
and nodal metastasis status was analyzed via UALCAN [44].

The predictive clinical significance of TK1 and TK2 gene
alterations

To investigate the clinical significance of TK1 and TK2 gene
mutations in CESC, this study utilized the cBioPortal [45] to
analyze the mutation types of TK1 and TK2 in CESC samples.
We performed correlation analyses between TK1 and TK2 mu-
tations to determine their interdependencies and associations.
The objective of this analysis was to identify potential thera-
peutic targets that could enhance the treatment strategies and
improve patient outcomes in CESC.

The role of TK1 and TK2 expression in immune regula-
tion of CESC

To study the function of TK1 and TK2 expression in the im-
mune regulation of CESC, TIMER2.0 was used to calculate
the correlations between expression of TK genes and immune
infiltrations based on TCGA data from the GDAC Firchose
website. Correlation scatter plots of TK1 and TK2 expression
with tumor cell purity and six immune cell types were con-
structed, including B cells, T cells, macrophages, dendritic
cells, and neutrophils [46].

The prospective signaling pathways of TK1 and TK2-
related genes in CESC

The DEGs of all included datasets were profiled. The gene mi-
croarray data were analyzed using the Limma package and the
RNA-seq data were analyzed using the Limma Voom package
with EdgeR. The threshold of the DEG was log2FC>1 or < -1
and P <0.05 after adjustment. Those DEGs that appeared in more
than two datasets were recruited for the next stage of analysis.
Moreover, Pearson correlation analyses were also performed on
the correlations between the expression levels of all other genes
and TK genes in each dataset using the psych R package to select

32 Articles © The authors | Journal compilation © World ] Oncol and Elmer Press Inc™ |  https://wjon.elmerpub.com



Liang et al

World ] Oncol. 2025;16(1):30-50

[ Identification of studies via databases J

Records removed before
screening:
Duplicate records
removed (n=0)
Records removed for other
reasons (n=0)

Records excluded after

 ——"
s Records identified from:
z TCGA-GTEXx database
o (n=1)
? GEO database (n = 932 )
] ArrayExpress database
(n=310)
Literature databases (n=1708)
~—
e 4
Records screened
(n=2951)

A4
Reports assessed for

Screening

A4

scanning titles and abstracts:
(n=2674)

Reports excluded:
Unavailable expression matrix

eligibility
(n=277 )

v

(n=104)

Cervical cancer cases treated by
drugs or siRNAs (n= 95 )
Probes with no matching
official gene symbols
(n=57)

Finally included RNA-seq and microarray
datasets (n =14 after removing batch effect,

including in-house microarrays)

Figure 2. PRISMA flow diagram for the current study.

TK1 or TK2-related genes. The intersections of high-expressed
genes in CESC and positively-related genes of TK1, as well as
low-expressed genes and negatively-related genes of TK1, were
noted for subsequent investigation. Meanwhile, the intersections
of high-expressed genes in CESC and negatively-related genes
of TK2, as well as low-expressed genes and positively-related
genes of TK2 were also reserved for functional enrichment
analysis. The above two groups of genes were annotated using
Gene Ontology (GO) and analyzed for signaling pathways with
the Kyoto Encyclopedia of Genes and Genomes (KEGG) by the
cluster profiler R package as previously reported [47-51].

Molecular docking of targeted TK1 and TK2 for CESC

Investigating the molecular docking of targeted TK1 and TK2 in
CESC, this study analyzed potential drug candidates that could
significantly decrease TK1 expression while increasing TK2 ex-
pression. Drug candidates were selected from the Drug Gene
Budger (DGB) database [52]. The original LINCS L1000 data-
set was corrected for batch effects using the combat package,
and statistical significance was assessed using the Limma pack-
age to calculate P-values. The Benjamini-Hochberg method
was employed to compute g-values [53]. Drugs that specifically
target TK1 and TK2 were identified by selecting those display-
ing the smallest top 10 logFoldChange values, with both P and
q values under 0.05. Subsequently, these targeted drugs were
examined for their intersection. For molecular docking studies,

the crystal structures of TK1 and TK2, obtained from the RCSB
PDB database (PDB ID: 1W4R, AF-O00142-F1), were pre-
pared by removing all solvent molecules and co-crystallized li-
gands using PyMOL 2.4. The active sites of TK 1 and TK2 were
predicted using the POCASA 1.1. Chemical structures of the
drugs were acquired from the PubChem database and optimized
with AutoDockTools. Docking simulations were conducted us-
ing AutoDock Vina 1.5.7, prioritizing those simulations that
resulted in lower affinity energy values, indicative of stronger
binding efficacy at the active sites of TK1 and TK2. Visualiza-
tion of the docking models was accomplished using PyMOL.

Results

Clinical significance of TK1 and TK2 expression in CESC
tissues

TK1 and TK2 mRNA expression in CESC tissues based on
independent cohorts

Altogether, we gathered one RNA-seq dataset and 22 micro-
array datasets from all the above-mentioned high-throughput
and literature sources. After removal of the batch effect, final
15 groups were included to assess the TK1 and TK2 mRNA
levels in the CESC tissues, including one RNA-seq dataset
(TCGA/GTEX) and 14 microarray platforms (Fig. 2, Table 1).
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Table 1. Basic Information From All Included RNA-seq and Microarray Datasets of Cervical Cancer

Number Number of
Dataset Platform Country First author Sample type of tumor non-cancer
samples  samples
GSE7803 GPL96 USA Rork Kuick Tissue 66 41
GSE9750 GPL96 USA Murty Vundavalli Tissue and cell lines
GSE46857 GPL7025 India Rita Mulherkar Tissue 25 4
GSE14404 GPL6699 India Rajkumar T Tissue 28 12
GSE29570 GPL6244 Mexico Mariano Guardado-Estrada Tissue 188 60
GSES52903 GPL6244 Mexico Ingrid Medina Martinez Tissue
GSES52904 GPL6244 Mexico Ingrid Medina Martinez Tissue
GSE89657 GPL6244 Mexico Mauricio Salcedo Vargas Tissue and cell lines
GSE39001 GPL6244 Mexico Ana Maria Espinosa Tissue
GSE27678 GPL571 United Kingdom  Ian Roberts Tissue and cell lines 37 17
GSE63678 GPL571 USA Prokopios Alexandros Polyzos Tissue
GSE6791 GPL570 USA Paul Ahlquist Tissue 100 130
GSE27678 GPL570 United Kingdom  lan Roberts Tissue and cell lines
GSE63514 GPL570 USA Johan den Boon Tissue
GSE4482 GPL4926 India Chandan Kumar Tissue 3 4
GSE138080  GPL4133 Netherlands Renske DM Steenbergen Tissue 10 10
GSE4482 GPL3515 India Chandan Kumar Tissue 13 4
GSE39001 GPL201 Mexico Ana Maria Espinosa Tissue 43 12
GSE7410 GPL1708 Netherlands Petra Biewenga Tissue 40 5
GSES55940 GPL16238 China Chen Ye Tissue 5 5
GSE67522 GPL10558 United Kingdom  Sweta Sharma Saha Tissue 20 22
GSE26342 GPL1053/GPL1052 USA Natalia Shulzhenko Tissue 34 20
TCGA-GTEx - - - Tissue 306 14

The differences of the TK1 mRNA expression between CESC
tissue samples and controls, as well as the AUC values of TK 1
and TK2 expression for CESC are shown in Figures 3-6, which
highlight the diverse distributions of the TK1 and TK2 expres-
sion trend among the different cohorts.

The aggregated integrative TK1 and TK2 expression in the
CESC tissue samples of all cohorts

Using the in-house tissue microarray data, a final set of 16 stud-
ies were combined to determine the comprehensive expression
level of TK1 in the CESC tissue samples. For TK2, a total of
eight datasets including seven GEO microarrays and one RNA-
seq dataset were integrated for overall appraisal of TK2 expres-
sion in CESC and non-cancer cervical tissues. The SMD was
2.44 (95% confidence interval (CI): 1.36 - 3.51) and -0.69 (95%
CI: -1.25 to -0.14) for TK1 (980 cases of CESC and 422 non-
cancerous controls) and TK2 (691 cases of CESC and 168 non-
cancerous controls), respectively (Figs. 7a, 8a). Meanwhile, the
summarized AUC was 0.88 (95% CI: 0.85 - 0.90) with a sensi-
tivity of 0.85 and a specificity of 0.74 for TK1, and 0.75 (95%
CI: 0.71 - 0.78) with a sensitivity of 0.70 and a specificity of
0.68 for TK2 (Figs. 7b, 8b). This integrative calculation con-

firmed remarkably increased expression of TK1 and decreased
expression of TK2 in the CESC tissue samples based on the re-
sults of the various above-mentioned detection methods.

The upregulation of TK1 protein expression levels in CESC
tissue samples in-house

In the non-cancerous tissue samples of cervix, there were scat-
tered nucleus-positive cells in the squamous epithelial cells,
and the distribution of the positively stained cells was sporadic
(Fig. 9a-c). However, in the CESC tissue samples, in addition
to nucleus-positive cancer cells, a large number of nuclei and
cytoplasm-positive cells were observed (Fig. 9d-i). The rela-
tive protein expression level of TK1 was 9.806 + 2.007 in the
CESC tissue samples, strikingly higher than that in the control
tissue samples (0.661 + 0.788, P < 0.001, Fig. 9j-k).

The essentiality of TK1 and TK2 for biological functions of
CESC cell lines

The knockout of TK1 gene showed perturbation effect on 11
CESC cells (Chronos dependency score < 0), with the most ob-
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Figure 3. TK1 expression in CESC from external microarrays and RNA-seq datasets. Violin plots for: (a) GPL570; (b) GPL571;
(c) GPL6244; (d) GPL96; (e) GPL4133; (f) GPL1053 and GPL1052; (g) GPL201; (h) GPL3515; (i) GPL4926; (j) GPL7025; (k)
GPL16238; (I) GPL1708; (m) TCGA-GTEx. N: non-cancer controls; T: CESC samples.

vious effect observed in C41 cells (Chronos dependency score
=-0.228) (Fig. 10), which indicated the importance of TK1 in
the biological functions of the 11 CESC cell lines. The effect
of knockout of TK2 gene on biological functions of CESC cell
lines was unavailable from project Achilles.

The prognostic value of TK genes and correlations between
TK genes with clinical factors of CESC

According to the prognostic analysis results, the overall sur-
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vival time of CESC patients with higher TK1 expression was
significantly longer than CESC patients with lower TK1 ex-
pression (P < 0.05) (Fig. 11a). There was no obvious differ-
ence between the disease-free survival and overall survival of
CESC patients in other groups (Fig. 11b-d). Clinical analysis
on relationship between TK gene expression and parameters of
CESC patients revealed that CESC patients with stage 3, his-
tological subtype of squamous cell, node metastasis and nodal
metastasis presented significantly lower TK2 expression than
CESC patients with stage 1, histological subtype of endocer-
vical, endometrioid or mucinous without nodal metastasis (P

35
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Figure 4. The discriminatory ability of TK1 expression in distinguishing CESC from non-cancer tissues in each microarray and
RNA-seq dataset. ROC curves for GPL570 (a), GPL571 (b), GPL6244 (c), GPL96 (d), GPL4133 (e), GPL1053 and GPL1052
(f), GPL201 (g), GPL3515 (h), GPL4926 (i), GPL7025 (j) GPL16238 (k), GPL1708 (I) and TCGA-GTEx datasets (m). AUC: area

under curve.

< 0.05) (Fig. 12), which indicated the positive effect of TK2
upregulation on curbing the clinical progression of CESC. No
significant difference was observed in CESC patients of differ-
ent clinical groups with high or low TK2 expression.

Mutation and correlation analysis of TK1 and TK2 genes
in sequencing samples

Our data analysis revealed that in a dataset of 278 sequenc-

ing samples, mutations were observed in six cases (2.2%) for
the TK1 gene and in three cases (1.1%) for the TK2 gene.
Specifically, for TK1, there were three instances of gene am-
plification, two instances of deep deletions, and one instance
of splicing mutation; for TK2, there were two instances of
deep deletions and one instance of a missense mutation (Fig.
13a). Co-expression analysis of TK1 and TK2 demonstrated
a negative correlation between the mRNA expression levels
of TK1 and TK2 (Fig. 13b), further validating the previous
findings.
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Figure 5. TK2 expression in CESC from external microarrays and RNA-seq datasets; N: non-cancer controls; T: CESC samples.

The correlations between TK1 or TK2 expression and im-
mune infiltration of CESC tissue samples

Among all the immune infiltrates, macrophages and neutro-
phils were found to be related to the TK1 expression levels
in the CESC tissue samples. Specifically, a negative correla-
tion was observed between macrophages and TK 1 expression,
with an index of -0.203 (P < 0.01). On the contrary, there was
positive association between TK1 expression and neutrophils,
with an index of 0.175 (P < 0.01, Fig. 14). The upregulation
of TK2 was positively correlated with the infiltration of CD4*
T cells (r = 0.149, P < 0.05) and macrophages (r = 0.176, P <
0.01) (Fig. 15). These data indicated that TK1 or TK2 over-
expression might be related to patient immune status with the
involvement of CD4" T cells, macrophages and neutrophils.

The signaling pathways of TK1 or TK2-related genes in
the CESC tissue samples

Finally, the number of the positively-related genes of TK1 that
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were also upregulated in CESC was 99. Several gene annota-
tions and signaling pathways related to cancer cell growth and
spread were revealed by the GO and KEGG analysis: extracel-
lular matrix from cellular component gene annotation, extra-
cellular matrix structural constituent from molecular function
gene annotation, and Ras signaling pathway, PI3K-Akt sign-
aling pathway, cGMP-PKG signaling pathway and calcium
signaling pathway from KEGG pathway annotation (Supple-
mentary Figures 1-4, Supplementary Table 1, wjon.elmerpub.
com). A total of 378 genes negatively related with TK1 were
also downregulated in the CESC tissue samples. Gene anno-
tations from biological process terms such as DNA replica-
tion, DNA-dependent DNA replication, and G1/S transition of
the mitotic cell cycle corresponded to these genes. In KEGG
analysis, the first three significantly enriched pathways were
consistently DNA replication, cell cycle, and mismatch repair
for these genes (Supplementary Figures 5-8, Supplementary
Table 2, wjon.elmerpub.com). As for TK2, the number of pos-
itively-related genes of TK1 that were also downregulated in
CESC was 528. Several gene annotations and signaling path-
ways related to system development and focal adhesion were
revealed by the GO and KEGG analysis: urogenital system de-
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Figure 6. The discriminatory ability of TK2 expression in distinguishing CESC from non-cancer tissues in each microarray and

RNA-seq dataset. AUC: area under curve.

velopment, renal system development, Wnt signaling pathway,
FoxO and AMPK signaling pathways (Supplementary Figures
9-12, Supplementary Table 3, wjon.elmerpub.com). A total of
377 genes negatively related with TK1 were also upregulated
in the CESC tissue samples. Gene annotations from biological
process terms such as negative regulation of cell cycle process,
epidermis development, and negative regulation of cell cycle
phase transition corresponded to these genes. In KEGG analy-
sis, the first three significantly enriched pathways were cell
cycle, proteasome, and homologous recombination for these
genes (Supplementary Figures 13-16, Supplementary Table 4,
wjon.elmerpub.com).

Vorinostat specifically targets TK1 and TK2 in CESC

To identify potential therapeutic agents that target TK1 and
TK2, we first conducted a screening to identify drugs (Tables
2 and 3). Vorinostat, which acts on both TK1 and TK2, was
selected for further investigation. Subsequent molecular dock-
ing studies were conducted to assess the specific interactions
of vorinostat with TK1 and TK2. Notably, vorinostat forms
hydrogen bonds with LYS-32 and SER-33 in TK1, and with

ARG-196, LYS-63, and ALA-60 in TK2. These molecular in-
teractions are illustrated in Figure 16a, b.

Discussion

The novel contribution of the present study is the collection of
TK1 and TK2 expression data from global sources assessed by
various detection methods. The results confirmed that TK1 ex-
pression was upregulated while TK2 was downregulated in the
CESC tissue samples. The overexpression of TK1 protein may
play a crucial role in the carcinogenesis of CESC, which may
be achieved partly by promoting the pathways of cell DNA
replication and cell growth. Conversely, the overexpression of
TK2 protein might exert suppressing effect on the progression
of CESC through interfering cell cycle phase transition, Wnt
signaling pathway, FoxO and AMPK signaling pathways.

To date, only two studies have reported on the clinical
roles of TK1 in CESC tissue samples [27, 28], both of which
are subject to important limitations. One study only examined
the protein expression level of TK1 using immunohistochemi-
cal analysis in 84 cases of CESC tissue samples from Fujian
Provincial Cancer Hospital, China. The sample size was small
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Figure 7. Pooled TK1 expression in CESC tissues. (a) SMD forest. (b) sSROC curve. SMD: standardized mean difference; sROC:

summarized receiver’s operating characteristics.

and the results do not reflect global trends in TK1 expres-
sion in CESC. Furthermore, the study did not investigate the
mRNA level of TK1. Lastly, the researchers did not explain
the potential mechanism of the overexpression of TK1 pro-
tein levels in CESC [28]. The second study used three public
gene chips and calculated the common DEGs. They reported
that TK1 was one of the upregulated mRNAs in three gene
chips, including GSE63514, GSE9750, and GSE7803. How-
ever, the researchers did not describe the exact expression lev-
els of TK1 individually in each gene chip or comprehensively
across all the sources. Moreover, even though more than three
public high-throughput datasets are available across different
sources, this study used only three of them, which means it is
not representative of the global status of TK1 mRNA levels.
Finally, this study did not explore the molecular mechanism
of TK1 in CESC, as it focused on the DEGs of cervical cancer

Articles © The authors | Journal compilation © World ] Oncol and Elmer Press Inc™

only [27]. Besides, there lacks studies on the role of TK2 in
the initiation and development of CESC. Compared to these
previous two studies, the current study provides the following
novel contributions.

First, the present study had the advantage of sampling a
larger number of cases compared to the previous studies avail-
able. It involved the analysis of a total of 980 CESC cases and
422 controls, which makes the results on the expression of TK 1
and TK2 more credible and generalizable. Second, this study
included data from 23 research centers, covering six countries
and regions, including China, India, The Netherlands, Mexico,
the United Kingdom, and the United States. The results bet-
ter reflect the overall global situation of TK1 upregulation and
TK2 downregulation. Third, this study used a variety of detec-
tion methods to determine the upregulation of TK1, including
gene microarray, RNA-seq, immunohistochemistry of tissue
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Figure 8. Pooled TK2 expression in CESC tissues. (a) SMD forest. (b) sSROC curve. SMD: standardized mean difference; sROC:

summarized receiver’s operating characteristics.

samples, and the calculation of SMD and sROC by integration,
which verifies the findings of the paper via multiple methods.
Lastly, to our knowledge, no studies to date have investigated
the mechanism of TK 1 upregulation and TK2 downregulation
in CESC. Also, our study has identified, for the first time, that
the expression of TK genes was closely correlated with the in-
filtration of immune cells such as CD4" T cells, macrophages,
and neutrophils. Additionally, we disclosed through functional
annotations that TK1 or TK2-related genes are enriched in
some pathways closely related to cell growth and cell cycle.
This study provides a solid experimental basis to understand
the specific mode of TK1 and TK2 action and will be helpful
to future translational research on TK genes in CESC.

TK1 is a protein that can be secreted into the blood, so
non-invasive detection methods from serum or plasma have
become a reality in clinical work to monitor TK1-related tu-
mors. Indeed, increasing serum TKI1 levels have also been
detected in several tumors and they can even predict disease
progression, including breast cancer [23, 26, 54-57], prostate
cancer [19], lung cancer [26], Hodgkin’s lymphoma [58],
hepatocellular carcinoma [59], colon cancer [23], and head

and neck cancer [20]. TK1 appears to have great potential to
act as a promising extra diagnostic and predictive biomarker in
patients with some cancers. Unfortunately, to date, no studies
have reported on the expression of TK1 protein in serum or
plasma in patients with CESC. Therefore, further experiments
are required to confirm whether TK1 protein is upregulated in
the bodily fluid of patients with CESC, and whether TK1 pro-
tein levels are similarly overexpressed in other cancers. The
researchers also plan to conduct enzyme-linked immunosorb-
ent assays to test TK1 protein levels in the serum of CESC
patients. Although another salvage enzyme capable of phos-
phorylating cellular thymidine, TK2, has been revealed by
previous literature studies to generate deoxycytidine triphos-
phate (dCTP), thereby diminishing the anticancer effect of
anti-cancer drugs such as gemecitabine [60, 61]. We discovered
in the present study that TK2 showed downregulation in CESC
samples compared with non-cancer cervical samples. It was
further disclosed that the expression of TK2 was negatively
related to the malignant progression of CESC. Further work
awaits to be performed to ascertain the tumor-suppressing ef-
fect of TK2 in CESC.
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Figure 9. TK1 protein levels in CESC from tissue microarrays. (a) Negative staining of TK1 in non-cancer squamous epithelium
tissues (x 100). (b) Negative staining of TK1 in non-cancer squamous epithelium tissues (x 200); (c) Negative staining of TK1 in
non-cancer squamous epithelium tissues (x 400); (d, g) Strong staining of TK1 in CESC tissues (x 100); (e, h) Strong staining
of TK1 in CESC tissues (x 200); (f, i) Strong staining of TK1 in CESC tissues (x 400); (j) Violin plots of TK1 expression in CESC
and non-cancer controls; (k) ROC curves of the discriminating ability of TK1 overexpression. N: non-cancer samples; T: CESC

samples; AUC: area under curve.

We are also interested in how TK1 and TK2 works in the
occurrence of CESC. We analyzed the potential mechanism of
TK genes by studying the relationship between TK1 or TK2
expression and infiltration of immune cells, as well as the re-
lated signal pathways. Surprisingly, the current study’s results
showed that TK1 expression was negatively related to mac-

Articles © The authors | Journal compilation © World | Oncol and Elmer Press Inc™

rophages and positively related to neutrophils; TK2 expres-
sion was positively related to CD4* T cells and macrophages.
The stromal cells are the key structural and functional com-
ponents of all cancers, besides the cancer cells themselves.
The stromal cells are composed of immune cells, fibroblasts,
pericytes, endothelial cells, and mesenchymal (stem) stro-
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mal cells. It is conceivable that the occurrence of CESC is
closely related to immune cells [62-64]. The detailed interac-
tion of TK genes and immune cells in CESC warrants further
experimental studies. Considering the important roles of TK
genes in DNA synthesis and DNA damage [65, 66], we also
investigated the functional enrichment of genes related to TK
genes. The gene annotations and potential signaling pathways
of TK1-related genes in CESC tissue samples in the current
study also support the traditional theory of the molecular
mechanism of TK1. Typically, the gene annotations related to
DNA replication and cell cycle appeared with the TK1-related
genes based on the GO analyses. Constantly, similar pathways
of DNA replication, mismatch repair and cell cycle were also
enriched by the KEGG analysis. In another two cancer types,
in vitro experiments also confirmed the function of TK1 on
cell growth [24, 67]. The loss of TK 1 expression could inhibit
the cell growth in thyroid carcinoma cells [24]. Furthermore,
the silence of TK1 expression could also suppress the pro-
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Figure 11. The prognostic significance of TK1 and TK2 expression for CESC. (a) Kaplan-Meier survival curves for overall survival
of CESC patients with low or high TK1 expression. (b) Kaplan-Meier survival curves for disease-free survival of CESC patients with
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liferative capacity of lung cancer cells [24]. In view of the
higher expression of TK1 protein and mRNA in the CESC
tissue samples in this study, and the fact that TK1 also clearly
affects DNA synthesis and DNA repair, we hypothesize that
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TK1 also very likely regulates the biological characteristics
of CESC cells, such as cell proliferation, invasion, and mi-
gration. The inhibitory effect of TK2 on CESC in this study
might be concerned with the aberrant activity of it in proteas-
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Figure 15. The correlations between TK2 expression and the infiltration level of immune cells in CESC. Scatter plot of the cor-
relations between TK2 expression and immune infiltration. TPM: transcripts per kilobase million.

Table 2. Top 10 Drugs With the Smallest Fold Changes Targeting TK1

Drug name P q Fold change Specificity
Amsacrine 1.93729 x 1022 3.71892 x 1020 -3.14512 0.000296033
Teniposide 1.81285 x 10°17 2.69123 x 10715 -2.92398 0.000296824
Tanespimycin 2.29969 x 1022 1.00411 x 10°1° -2.8909 0.000137912
MG-132 3.37601 x 10714 5.36979 x 101! -2.82185 0.000456621
BRD-K68548958 9.27931 x 1032 1.57734 x 10-%° -2.8178 0.000294118
SA-1919710 1.37796 x 10-13 3.83556 x 10710 -2.80677 0.001135074
Torin-2 1.39394 x 10-17 6.33474 x 10713 -2.80657 0.000264831
Vorinostat 6.60819 x 10717 3.75385 x 10713 -2.7822 0.000131492
PP-110 3.48166 x 10-%° 4.78578 x 10?7 -2.77853 0.000152602
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Table 3. Top 10 Drugs With the Smallest Fold Changes Targeting TK2

Drug name P q Fold change Specificity

Trichostatin-a 8.01858 x 10711 1.16704 x 10°8 2.23309 0.000340136
Trichostatin-a 7.35718 x 1014 2.08435 x 1012 1.65348 0.000168492
BRD-K82750814 1.72195 x 106 0.000106217 1.62714 0.000577701
Trichostatin-a 2.55848 x 107 9.05758 x 107 1.57637 0.000383877
Trichostatin-a 2433 x 10711 7.10065 x 1010 1.47162 0.000194477
Panobinostat 3.75935 x 1022 1.38141 x 1020 1.46121 0.000128074
Apicidin 4.55567 x 10710 1.0074 = 10°17 1.43291 0.000134174
Trichostatin-a 9.1091 x 10-11 1.3011 x 107 1.4319 0.000171028
Tozasertib 5.76929 x 10 0.000052139 1.41104 0.000120802
Vorinostat 1.72852 % 10710 2.62555 x 107 1.38205 0.00017328

ARG-196

Figure 16. The molecular docking model of targeted protein and vorinostat (a: TK1 protein; b: TK2 protein).
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ome, and homologous recombination, Wnt signaling pathway,
FoxO and AMPK signaling pathways. Perturbation assay of
TK1 knockout in CESC cell lines from project Achilles con-
firmed the biological function of TK1 in CESC.

Vorinostat, a well-established histone deacetylase inhibi-
tor, modifies chromatin dynamics to regulate gene expression,
potentially halting cancer cell proliferation [68]. This com-
pound, by altering acetylation patterns of histone proteins,
impacts transcriptional regulation, which is crucial for cancer
therapy [69]. The drug’s properties make it a versatile agent in
oncological treatments, with approvals for various malignan-
cies, including its notable efficacy in hematological cancers
such as cutaneous T-cell lymphoma [70]. The application of
vorinostat extends beyond hematological malignancies into
solid tumors, where studies have shown promising results in
enhancing the cytotoxic effects of other therapeutic agents
[71-73]. This synergistic potential is particularly significant as
it could overcome resistance mechanisms that limit the effi-
cacy of conventional treatments. In the context of non-hema-
tological cancers, vorinostat has been explored for its role in
sensitizing tumors to radiation therapy and improving the out-
comes of chemotherapy [74, 75]. In CESC, recent investiga-
tions have begun to uncover the potential utility of vorinostat.
Preliminary data suggest that vorinostat may disrupt cell cycle
progression and induce apoptosis, making it a candidate for
combination therapies aimed at enhancing cell death in CESC
cells [76]. Our current research integrates molecular docking
studies that demonstrate vorinostat’s interaction with TK1 and
TK2, which are essential for DNA synthesis and repair. The fa-
vorable docking scores indicate a strong binding affinity, sug-
gesting that vorinostat may effectively inhibit these enzymes,
thereby stalling the DNA synthesis in tumor cells. This inter-
action could explain the enhanced apoptotic rates observed in
treated cells and positions vorinostat as a potentially effective
agent in CESC therapy. Our findings encourage further studies
to validate these interactions and explore the full therapeutic
potential of vorinostat in CESC management.

However, this study did not observe reduced expression of
TK2 in CESC tissues at the protein level. Several factors could
contribute to this discrepancy: potential post-transcriptional
modifications that might affect TK2 protein stability, insuffi-
cient sensitivity of the protein detection methods employed,
and possible compensatory mechanisms within the tissue that
maintain stable protein levels despite reduced mRNA expres-
sion. Additionally, our study did not establish a definitive role
for TK2 in the proliferation of CESC cells, indicating that the
biological impact of TK2 on cell growth requires further inves-
tigation. Moreover, the molecular mechanisms suggested in
our findings necessitate validation through additional in vivo
and in vitro experiments to confirm their significance and reli-
ability in the context of cervical cancer. These further studies
will be crucial for clarifying the potential therapeutic implica-
tions of targeting TK2 in CESC.

Conclusions

We conducted a systematic investigation of the clinical role of
TK1 and TK2 expression in CESC tissue samples and dem-

onstrated that the aberrant expression of TK1 or TK2 mRNA
and protein influenced the carcinogenesis of CESC, at least
partially via interaction with immune cells or pathways related
to DNA replication, proteasome, and homologous recombina-
tion. The biofunction and molecular mechanism of TK1 and
TK2 on CESC cells require further in-depth study.

Supplementary Material

Figure 1. GO enrichment analysis of genes positively corre-
lated with TK1 in CESC for biological process (BP).

Figure 2. GO enrichment analysis of genes positively corre-
lated with TK1 in CESC within the cellular component (CC)
category.

Figure 3. GO enrichment analysis of genes positively corre-
lated with TK1 in CESC within the molecular function (MF)
category.

Figure 4. Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis of genes positively correlated with TK1 in
CESC.

Figure 5. GO enrichment analysis of genes negatively corre-
lated with TK1 in CESC for BP.

Figure 6. GO enrichment analysis of genes negatively corre-
lated with TK1 in CESC for CC.

Figure 7. GO enrichment analysis of genes negatively corre-
lated with TK1 in CESC for MF.

Figure 8. KEGG enrichment analysis of genes negatively cor-
related with TK1 in CESC.

Figure 9. GO enrichment analysis of genes positively corre-
lated with TK2 in CESC for BP.

Figure 10. GO enrichment analysis of genes positively cor-
related with TK2 in CESC for CC.

Figure 11. GO enrichment analysis of genes positively cor-
related with TK2 in CESC for MF.

Figure 12. KEGG enrichment analysis of genes negatively
correlated with TK2 in CESC.

Figure 13. GO enrichment analysis of genes negatively cor-
related with TK2 in CESC for BP.

Figure 14. GO enrichment analysis of genes negatively cor-
related with TK2 in CESC for CC.

Figure 15. GO enrichment analysis of genes negatively cor-
related with TK2 in CESC for MF.

Figure 16. KEGG enrichment analysis of genes negatively
correlated with TK2 in CESC.

Table 1. Functional enrichment analysis of genes positively
related to TK1 in cervical cancer.

Table 2. Functional enrichment analysis of genes negatively
related to TK1 in cervical cancer.

Table 3. Functional enrichment analysis of genes positively
related to TK2 in cervical cancer.

Table 4. Functional enrichment analysis of genes negatively
related to TK2 in cervical cancer.
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