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Abstract: Objective: Thymidylate synthase (TYMS) constitutes a pivotal and potent target in the context of chemore-
sistance. However, the oncogenic role of TYMS has received insufficient attention. Methods: Leveraging data from 
the Cancer Genome Atlas (TCGA) and various public databases, we conducted an extensive investigation into the on-
cogenic role of TYMS across 33 cancer types. Subsequently, TYMS was inhibited using small interfering RNA (siRNA) 
in four different cell lines, and cell proliferation and migration were assessed using CellTiter-Glo and Transwell as-
says. Results: TYMS exhibited pronounced expression across a spectrum of cancers and demonstrated associations 
with clinical outcome in diverse cancer patient cohorts. Furthermore, genetic alterations were identified as potential 
influencers of overall survival in specific tumor types. Notably, the expression of thymidylate synthase correlated 
with tumor-infiltrating CD4+ cells in select cancers. Additionally, the functional mechanism of TYMS encompassed 
nucleotidase activity, chromosome segregation, and DNA replication progress. In vitro experiments further substan-
tiated these findings, demonstrating that the suppression of TYMS impeded the cell growth and invasive capabilities 
of HeLa, A549, 786-O, and U87_MG cells. Conclusions: This study furnishes a comprehensive understanding of the 
oncogenic role played by TYMS in human tumors.
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Introduction

The exploration of novel oncogenes is crucial 
for achieving a comprehensive understanding 
of the mechanisms underlying malignant tu- 
mors and identifying therapeutic targets [1]. 
Using resources such as TCGA and various 
other publicly available analysis websites, 
which house valuable genomics and pro-
teomics information [2], facilitates interactive 
analysis specifically focused on unraveling the 
oncogenic role of TYMS.

TYMS, a human nucleotide enzyme, plays a piv-
otal role in endogenous thymidylate synthesis, 
enabling de novo production of thymidylate. 
TYMS has been extensively studied in contexts 
such as hepatitis, rheumatic diseases, and 
neural development [3-5]. Elevated levels of 
TYMS mRNA and protein have been associated 
with worse prognosis for a wide range of hema-
tologic and solid tumors [6]. Additionally, thou-

sands of publications on PubMed link elevat- 
ed TYMS levels in tumors to anti-cancer drug 
resistance and worse clinical outcome [7-9]. 
However, few studies have analyzed these  
articles to reveal the carcinogenic mechanisms 
of TYMS. This paper synthesizes findings from 
laboratory-based experiments involving cell or 
animal models, elucidating the intricate rela-
tionship between TYMS and various malignan-
cies, including pancreatic, colorectal, ovarian, 
breast, esophageal, lung, kidney and skin 
tumors (Figure 1; Supplementary Table 1) 
[10-26]. 

In our study, we used data from public databas-
es to conduct a pan-cancer analysis of TYMS, 
covering gene expression, survival rate, gene- 
tic alterations, phosphorylation sites, immune 
cell infiltration, and related gene functions. 
Additionally, we conducted cell experiments 
involving the knockdown of TYMS to elucidate 
further its oncogenic features across different 
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tumors. This comprehensive approach aims to 
provide a detailed understanding of the onco-
genic mechanisms governed by TYMS.

Materials and methods

Gene location and protein structure analysis

The genomic location of the TYMS gene was 
determined based on the UCSC genome brows-
er (GRCh38/hg38) [27]. Using the “Homo- 
loGene” function of the National Center for 
Biotechnology Information (NCBI), conserved 
functional domain analysis of the TYMS protein 
across different species was conducted. The 
three-dimensional structure of TYMS was 
obtained using the cBioPortal web tool [28].

Gene expression analysis

Tumor Immune Estimation Resource, version  
2 (TIMER2): Differences in TYMS expression 
were assessed using the “Gene_DE” module of 
the TIMER2 [29]. In cases lacking contrast tis-

sues or a sufficient contrast group, the Gene 
Expression Profiling Interactive Analysis, ver-
sion 2 (GEPIA2) web server from Genotype-
Tissue Expression (GTEx) was employed [30]. 
Violin plots depicting TYMS expression across 
various pathologic stages were generated 
using the “Pathological Stage Plot” module in 
GEPIA2, utilizing log2 [TPM (Transcripts per mil-
lion) +1] transformed expression results with a 
log-scale test.

The Human Protein Atlas (HPA): HPA database 
provided TYMS expression data in different 
cells, tissues, and plasma [31]. Plasma sample 
data were estimated through mass spectrome-
try-based proteomics, defining “low specificity” 
as “Normalized expression ≥1 in at least one 
tissue/cell type, but not elevated in any tissue/
cell type”. Immunohistochemistry (IHC) images 
of TYMS in five pairs of normal and tumor tis-
sues (breast invasive carcinoma (BRCA), colon 
adenocarcinoma (COAD), liver hepatocellular 
carcinoma (LIHC), and lung adenocarcinoma 

Figure 1. Schematic depicting the relationship between TYMS and eight different types of human cancer, including 
pancreatic (yellow), colorectal (blue), ovarian (green), breast (pink), esophageal (carneose), lung (brown), kidney 
(grey) and skin tumor (dark blue).
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(LUAD)) were downloaded from HPA and 
analyzed.

Survival analysis

Using the Kaplan-Meier “Survival Map” module 
in GEPIA2, overall survival (OS) and disease-
free survival (DFS) maps for TYMS were 
obtained. The expression threshold for catego-
rizing high/low expression groups was set at 
50%. Kaplan-Meier survival analysis in GEPIA2 
generated survival plots using the log-rank test.

Genetic alteration analysis

Genetic alteration features, alteration frequen-
cy, mutation type, and mutated site information 
for TYMS were collected from the cBioPortal 
web. OS data for tumors with or without TYMS 
genetic alterations were collected, and Kaplan-
Meier analysis with log-rank P-values was 
performed.

Phosphorylation features

The predicted phosphorylation features of 
TYMS at sites S6, T53, S114, S124, Y146, 
S151, Y153, S154, and T167 were obtained 
from the open-access PhosphoNET database 
by searching the protein name “TYMS”.

Immune infiltration cell analysis

The association between TYMS expression and 
immune infiltrates, specifically CD4+ T-cells, 
CD8+ T-cells, cancer-associated fibroblasts, 
and natural killer (NK) cells, was explored using 
the TIMER2 web tool. Purity-adjusted Spear- 
man’s rank correlation test provided P-values 
and partial correlation (cor) values.

TYMS-related gene enrichment

The STRING website was employed to identify 
TYMS-binding proteins [32], with a low confi-
dence score set at 0.7. Interaction types were 
based on the maximum number of interactors 
(≤50), full STRING network, and confidence.

Cell culture and transfection

We procured four cell lines, namely HeLa, 
A549, 786-O, and U87_MG, from Wuhan 
Pricella Biotechnology Co., Ltd. These cells 
were cultured at 37°C, 95% humidity, and 5% 
CO2 in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% fetal bovine 
serum (FBS) sourced from Gibco, USA. The 
knockdown of TYMS in these cancer cell lines 
was achieved through the construction and 
transfection of siRNA-TYMS (siTYMS) and siR-
NA-NC (NC), serving as the corresponding con-
trol (obtained from Syngenbio, China). siTYMS 
sequence was 5’ to 3’ GCUACAGCCUGAGA- 
GAUUATT/UAAUCUCUCAGGCUGUAGCTT. Upon 
reaching a cell density exceeding 80%, cells 
were seeded into 6-well plates, followed by 
transfection with siRNA-TYMS and siRNA-NC. 
The cells were then incubated in a stationary 
incubator. Transfection efficiency was evaluat-
ed by western blot analysis after 48 hours.

Western blot

Cellular proteins were extracted using RIPA 
lysate, and subsequently separated along with 
markers through electrophoresis utilizing SDS-
PAGE gel (WSHT Biotechnology Inc., China), fol-
lowing the detailed method outlined in our pre-
vious article [33]. In brief, primary antibodies, 
including TYMS antibody (ab108995, Abcam, 
UK) and β-tubulin antibody (ab179513, Abcam, 
UK), were incubated overnight at 4°C. Following 
this, the membranes were subjected to three 
washes with TBST and then incubated with a 
secondary antibody for 1 hour at room temper-
ature (Abcam, UK). The membranes were then 
analyzed for the expression of each group of 
protein bands using a ChemiDoc XRS machine 
(Bio-Rad, USA), and the results were analyzed 
using ImageJ (V 1.8.0).

Cell proliferation

The four types of transfected tumor cells were 
seeded into 96-well plates at a density of 2,000 
cells per well. CellTiter-Glo assay (Promega, 
USA) was performed at 0, 24, 48, 72, and 96 
hours after the cells had adhered to the wells. 
Luminescence (RLU) was measured using a 
microplate reader (TECAN Spark, Switzerland), 
and the results were analyzed for comparison 
between the NC and siTYMS groups.

Invasion

Transwell assays were performed to assess the 
impact of TYMS on the invasion of different cell 
types. Initially, the transwell inserts were coat-
ed with Matrigel (Corning Matrigel, USA) and 
incubated in a stationary incubator for 3 hours 
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to allow for solidification. Subsequently, 5 × 104 
cells were seeded into the upper chamber of 
the transwell inserts, which were equipped with 
8 μm wells and filled with serum-free DMEM. 
The lower chamber was filled with DMEM con-
taining 10% FBS. After 24 hours of incubation, 
the cells at the bottom of the upper chamber 
were fixed, stained, and then captured for 
analysis.

Statistical analysis

The R software (Version 4.2.3) along with the 
“ggplot2” and “enrichplot” packages were 
employed for bioinformatic analysis. GraphPad 
Prism 7.0 was utilized to analyze biological data 
and generate graphical representations. All 
experiments were independently performed 
three times. Statistical differences between 
groups were calculated using the t-test or 
ANOVA as appropriate. Significance was defin- 
ed as a p-value less than 0.05.

Data availability

The datasets analyzed in this study are avail-
able in the online dataset. Requests for further 
access to the dataset can be directed to yibo.
geng@ccmu.edu.cn.

Results

Gene location and protein structure

We investigated the oncogenic function of 
TYMS which is located on 18p11.32 and ge- 
ne length was 15,926 bp (NM_001071 or 
NP_001062.1, Supplementary Figure 1A). The 
protein structure of TYMS was conserved 
across various species (Supplementary Figure 
1B, 1C).

Gene expression analysis

TYMS expression in multiple tumors, including 
bladder urothelial carcinoma (BLCA), BRCA, 
cervical squamous cell carcinoma and endo-
cervical adenocarcinoma (CESC), cholangiocar-
cinoma (CHOL), COAD, esophageal carcinoma 
(ESCA), glioblastoma (GBM), head and neck 
squamous cell carcinoma (HNSC), kidney renal 
clear cell carcinoma (KIRC), kidney renal papil-
lary cell carcinoma (KIRP), LIHC, LUAD, lung 
squamous cell carcinoma (LUSC), pheochromo-
cytoma and paraganglioma (PCPG), stomach 
adenocarcinoma (STAD), thymoma (THYM), and 

uterine corpus endometrial carcinoma (UCEC), 
was higher than that in corresponding normal 
tissues (Figure 2A, P<0.01). Further analysis 
using the GTEx dataset revealed significant dif-
ferences in expression levels between tumor 
and normal tissue in additional cancers (Figure 
2B, P<0.05). However, TYMS expression in kid-
ney chromophobe (KICH), prostatic adenocar- 
cinoma (PRAD), testicular germ cell tumors 
(TGCT), or thyroid carcinoma (THCA) was similar 
to normal tissue (Supplementary Figure 2, 
P>0.05).

Positive correlations were found between  
TYMS expression and pathologic stage in adre-
nocortical carcinoma (ACC), KICH, LIHC, and 
TGCT. Conversely, COAD, LUSC, and ovarian 
serous cystadenocarcinoma (OV) showed nega-
tive correlations (Figure 3). No correlation was 
observed in other cancers (Supplementary 
Figure 3).

Immunohistochemical findings

Comparison of TYMS staining between normal 
and tumor tissues by IHC corroborated TYMS 
expression patterns in the HPA dataset. 
Medium or strong TYMS staining was observed 
in BRCA, COAD, LIHC, and LUAD, while low or 
negative staining was evident in normal compa-
rable tissues (Figure 4).

Survival analysis

High TYMS expression correlated with poor 
overall survival in ACC (P<0.001, HR=3.8), KICH 
(P<0.05, HR=9.2), low grade glioma (LGG, 
P<0.001, HR=2.1), LIHC (P<0.001, HR=1.8), 
LUAD (P<0.001, HR=1.7), mesothelioma (ME- 
SO, P<0.001, HR=3.3) and sarcoma (SARC, 
P<0.01, HR=1.8) (Figure 5A). Similarly, it was 
associated with poor DFS in ACC (P<0.001, 
HR=4.9), KICH (P<0.05, HR=4.9), LGG (P<0.01, 
HR=1.5), LIHC (P<0.001, HR=1.8), PRAD 
(P<0.001, HR=2.0) and SARC (P<0.05, HR=1.5) 
(Figure 5B). While TYMS showed varied associ-
ations with outcome across different cancers, 
certain cancers, including ACC, KICH, LGG, 
LIHC, and SARC exhibited consistent tenden-
cies in both OS and DFS (Figure 5).

Genetic alteration

A genetic alteration of TYMS has been observed 
in distinct tumors. The highest alteration fre-
quency of TYMS (>4%) found in patients with 
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Figure 2. TYMS expression difference across various tumors. A. TYMS expression between various tumors and 
comparable normal tissues through TCGA dataset. B. TYMS expression through TCGA  and GTEx dataset. *P<0.05; 
**P<0.01; ***P<0.001. TCGA, the Cancer Genome Atlas; GTEx, genotype-tissue expression.
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Figure 3. TYMS expression difference across pathological stages in seven tumor types.
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Figure 4. IHC difference between normal and tumor tissues in BRCA (A), COAD (B), LIHC (C) and LUAD (D). Negative 
or low IHC staining was obtained in the normal breast, colon, liver, and lung tissue, while medium or strong stain-
ing was obtained in the cancer tissue. IHC, immunohistochemistry; BRCA, breast invasive carcinoma; COAD, colon 
adenocarcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma. Scale bar: 200 um.
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Figure 5. Correlation between TYMS expression and the survival outcome of tumors. OS (A) and DFS (B) are presented in the heat bar. A significantly similar trend 
was found between OS and DFS with ACC, KICH, LGG, LIHC and SARC, which is displayed in survival map (P<0.05). OS, overall survival; DFS, disease free survival; 
ACC, adrenocortical carcinoma; KICH, kidney chromophobe; LGG, low grade glioma; LIHC, liver hepatocellular carcinoma; SARC, sarcoma.
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bladder cancer was amplification (Figure 6A). 
Overall survival in the TYMS alteration group 
was significantly shorter than in the wild type 
for both BLCA (P<0.01) and LUAD (Figure 6B, 
P<0.05).

Phosphorylation analysis

Phosphorylation site analysis of TYMS in mam-
mals was achieved using the PhosphoNET 
database (Supplementary Figure 4). Unfor- 
tunately, limited studies explored phosphoryla-
tion differences between tumor and normal  
tissues (Supplementary File 1), preventing a 
comprehensive summary of the implications of 
TYMS phosphorylation in tumors.

Immune infiltration analysis

Tumor-infiltrating immune cells can enhance 
the development, progression, or metastasis of 
cancers [34]. A significant negative relationship 
was found between CD4+ T cells and TYMS 
expression in BLCA, diffuse large B-cell lympho-
ma (DLBC), and MESO and the whole types of 
tumors showed positive correlation between 
CD4+Th2 cells and TYMS expression (Figure 
7A, marked as vertical and horizontal red bor-
ders). Additionally, a significant relationship 
between TYMS expression and cancer-associ-
ated fibroblasts was observed for BRCA, HNSC, 
KICH, STAD, TGCT, and THYM. Among these, 
BRCA, HNSC, STAD, and THYM exhibited a neg-

Figure 6. Mutation features of TYMS. A. The alteration frequency with mutation type is displayed. B. There are signifi-
cant overall survival differences between TYMS alteration and wild-type in BLCA and LUAD (P<0.05). BLCA, bladder 
urothelial carcinoma; LUAD, lung adenocarcinoma.
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Figure 7. Correlation between TYMS and CD4+ immune cells (A) and cancer associated fibroblast (B).
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ative correlation (Figure 7B). However, similar 
trends were not observed in CD8+ and NK cell 
types (Supplementary Figure 5).

Enrichment analysis of TYMS-related genes

Fifty TYMS-binding proteins were identified 
through the STRING tool (Figure 8A). The top 
100 TYMS-correlated targeting genes were 
summarized, with the top five being NDC80, 
EZH2, NUSAP1, WDR76, and MCM6 (Supple- 
mentary Table 2). Notably, five genes over-
lapped in the two datasets (Figure 8B). The 
expression of these interacting genes (CDC45, 
MAD2L1, MCM5, NUSAP1, and PCAN) positive-
ly correlated with TYMS expression across 
almost all types of cancer (Figure 8C, 8D).

Next, gene ontology (GO) analysis for these 
genes indicated their predominant location in 
the chromosomal region and execution of 
nucleotidase activity (Figure 9). Furthermore, 
these genes were enriched in DNA repli- 
cation, chromosome segregation, and nuclear 
division.

TYMS promoted cell proliferation and invasion 
in multiple cancers

To further explore the oncogenic role of  
TYMS in human cancers, we utilized siRNA to 
reduce TYMS expression in four different  
types of human cancers, and the efficiency of 
knockdown was assessed by Western blot 
analysis. As depicted in Figure 10A, TYMS  
protein expression levels were markedly de- 
creased in all tested cell lines (Hela, A549, 
786O, and U87-MG) compared to control 
conditions. 

Given that cell proliferation and invasion are 
two key characteristics of tumor oncogenic sig-
nificance, we conducted experiments to assess 
these traits using CellTiter-Glo and transwell 
assays, respectively. The results revealed that 
reducing TYMS expression led to a notable 
decrease in tumor cell growth across cervical 
carcinoma, non-small cell lung carcinoma 
(NSCLC), GBM, and KIRC (Figure 10B). 
Furthermore, as shown in Figure 10C, TYMS 
knockdown significantly inhibited cell invasion 
in these tumors. Overall, the suppression of 
TYMS interfered with the malignant character-
istics of human cancers.

Discussion

TYMS, a folate-dependent essential enzyme, 
plays a pivotal role in generating intracellu- 
lar de novo deoxythymidine monophosphate 
(dTMP), critical for DNA synthesis and repair 
[35]. Its involvement extends beyond tumori-
genesis, encompassing functions in coronary 
artery disease [36], virus replication, and con-
genital disorders [37, 38]. This diversity under-
scores the significance of TYMS in various 
pathologic contexts. The expanding literature 
linking TYMS to tumors prompted our compre-
hensive analysis to elucidate its oncogenic role 
in diverse cancer types.

The conservation of TYMS protein structure 
across species suggests shared vital physiolog-
ic mechanisms. Notably, TYMS expression was 
elevated in tumor tissues compared to their 
normal counterparts, which underscores the 
potential influence of TYMS in various cellular 
processes, including genomic instability [9], 
epithelial-mesenchymal transition, and chemo-
therapy metabolism [39, 40].

High TYMS expression consistently correlated 
with shorter overall survival and advanced 
tumor stage across multiple cancers. Recently, 
several studies have reported similar findings. 
Lai et al. suggested that the level of TYMS could 
serve as a predictive marker for longer overall 
survival in unresectable hepatocellular carci-
noma patients [41]. Zhang et al. demonstrated 
that knockdown of TYMS reduced proliferation 
and invasion, and promoted apoptosis of lipo-
sarcoma through both bioinformatic and bio-
logical evidence [42]. This association could be 
attributed to TYMS’s dual role: directly promot-
ing tumor cell proliferation and inducing chemo-
resistance. Additionally, TYMS contributed to 
multiple drug resistance, affecting responses 
to 5-fluorouracil (5-FU) in COAD [40], temozolo-
mide in glioma [43], and platinum in NSCLC 
[44]. This resistance is due to distinct path-
ways, including AMPK-mTOR for temozolomide 
resistance, polymorphism for fluorouracil resis-
tance and nucleic acid-biosynthetic pathway for 
pemetrexed resistance [45]. However, contrast-
ing observations were noted in the survival 
analysis between TYMS and CESC or KIRC. The 
following studies may explain these discrepan-
cies. 1) Zheng et al. studied patients post-COV-
ID-19 infection, where the pandemic might 
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Figure 8. TYMS-related gene analysis. (A) Top 50 TYMS-binding proteins and their relationship. (B) Degree of overlap 
between the TYMS-binding and correlated genes. (C) Expression analysis between TYMS and the five interacting 
genes in (B). (C, D) Displayed through heatmap across cancers.
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have altered the immune system and influ-
enced TYMS expression [46]; 2) Fu et al. uti-
lized four GEO datasets and the TCGA data-
base, which might lead to different results com-
pared to our single database analysis [47]. This 
suggests that TYMS may engage in divergent 
pathways across different tumor types.

The investigation into TYMS gene mutations 
and their functional implications remains an 
area requiring further exploration. To date, only 
a few studies have focused on this aspect. For 
instance, Shimizu et al. suggested that TYMS 
gene amplification could predict pemetrexed 
resistance in NSCLC [48]. Moreover, TYMS 
gene deletion has been associated with shorter 
overall survival in gastric cancer, possibly due 
to 5-FU chemoresistance [49]. In summary, 
several types of TYMS mutation have been 
noted to correlate with clinical characteristics. 
However, the underlying mechanisms behind 
these associations require further inves- 
tigation.

The interaction between TYMS and tumor-infil-
trating immune cells highlights its role in the 
tumor microenvironment. A significant differ-
ence was found between TYMS and CD4+ 
T-cells in BLCA, DLBC, MESO and TGCT (Figure 
7A), which was similar with the previous stud-
ies. Dersh et al indicated that TYMS inhibitor 
increased major histocompatibility complex 
class I (MHC-1) presentation in DLBC, which 
revealed the role of TYMS in manipulating 
immunosurveillance in cancers [50]. Wang et 
al. demonstrated that TYMS suppression 
impaired helper T cells (Th1 & Th17) differenti-
ation and immune response [51]. Above all, 
these results provide evidence that TYMS has 
a complicated correlation with immune system 
and deserves further studies in tumor immu-
nology and microenvironment.

Enrichment analysis combining TYMS-binding 
components and expression-related genes 
revealed the central involvement of “nucleotid-
ase activity” and “DNA replication” in tumor cell 

Figure 9. GO analysis of TYMS-related genes. Biological process (A), cellular components (B), and molecular func-
tion (C) are displayed. GO, gene ontology.
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proliferation. These processes are pivotal in 
the progression of tumors, emphasizing the 
need for further experimental validation to elu-
cidate the specific oncogenic role of TYMS. 
Future studies should delve into the molecular 
mechanisms underlying TYMS-mediated tumor 
progression and its use as a therapeutic 
target.

Finally, a series of cell experiments utilizing 
various tumor cell lines were conducted to vali-
date the oncogenic function of TYMS identified 
through bioinformatic methods. Interestingly, 
while several studies employing the same  
cell lines have reported TYMS’s oncogenic role, 
our results revealed an opposite trend. For 
instance, Fu et al. performed functional experi-
ments and found that TYMS knockout could 
promote the proliferation, migration, and inva-
sion of HeLa cells [47]. Conversely, Gotanda et 
al. demonstrated that TYMS decreased by miR-
433 overexpression in HeLa cells resulted in 
inhibited cell proliferation [52], consistent with 
our findings. Notably, manipulation of TYMS 
expression in 786-O, U87_MG, or A549 cell 
lines has not been previously documented, 
suggesting significant gaps in TYMS research 
within the context of cancer. In our study, we 
found that suppression of TYMS also reversed 
the malignant characteristics of NSCLC, GBM 
and KIRC, a finding that has not been reported 
before. These findings underscore the complex-
ity and variability of TYMS function across dif-
ferent tumor types and emphasize the need for 
further investigation in this field.

However, this study still presents several limita-
tions that warrant improvement in future 
research endeavors. Firstly, our analysis of the 
oncogenic role was solely based on data 
derived from public databases, and thus, this 
conclusion needs to be validated in further clin-
ical cohorts. Secondly, additional in vitro and in 
vivo experiments are necessary to elucidate 
the underlying mechanisms, particularly regard-
ing the immune mechanisms involved. Thirdly, 
some of our results may be contradictory due 
to the inherent heterogeneity of data across 

multiple databases. These limitations under-
score the need for continued research efforts 
to provide more comprehensive insight into the 
role of TYMS in cancer.

Conclusion

Based on a comprehensive analysis across 
various tumors, we found a factual association 
between TYMS expression and clinical out-
come, protein phosphorylation and immune 
cell infiltration, as well as related genes and 
functions, which could help us understand the 
oncogenic role of TYMS.
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lular carcinoma; LUAD, Lung adenocarcinoma; 
LUSC, Lung squamous cell carcinoma; MESO, 
Mesothelioma; MHC, Major histocompatibility 
complex; NCBI, National center for biotechnol-
ogy information; NK, Natural killer; NSCLC, 
Non-small cell lung carcinoma; OS, Overall  
survival; OV, Ovarian serous cystadenocarcino-
ma; PAAD, Pancreatic adenocarcinoma; PCPG, 
Pheochromocytoma and paraganglioma; PRAD, 
Prostate adenocarcinoma; READ, Prostate ade-
nocarcinoma; SARC, Sarcoma; SKCM, Skin 
cutaneous melanoma; STAD, Stomach adeno-
carcinoma; TCGA, The cancer genome atlas; 
TGCT, Testicular germ cell tumors; THCA, 
Thyroid carcinoma; THYM, Thymoma; TIMER2, 
Tumor immune estimation resource, version 2; 
TPM, Transcripts per million; TYMS, Thymidylate 
synthase; UCEC, Uterine corpus endometrial 
carcinoma; UCS, Uterine carcinosarcoma; UVM, 
Uveal melanoma.
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Supplementary Table 1. The detailed analysis of Figure 1
Ref. No. Year Journal Summary
10 2022 JCI Insight In Men1-mutant in vivo and in vitro background, increased levels of TYMS accelerate  

pancreatic neuroendocrine tumor cell proliferation, disrupt cell cycle regulation, and  
correlate with elevated somatic mutations, DNA damage, and genomic instability. 

11 2022 Med Oncol 5-FU leads to resistance against TYMS targeting drugs. Various chemoresistance  
mechanisms include autophagy, apoptosis evasion, drug detoxification and altered  
signaling pathways containing AKT/PI3K, RAS-MAPK, WNT/β catenin, mTOR.

12 2022 Elife E7, a novel anticancer drug, inhibits TYMS expression in both pancreatic and ovarian 
cancer cells and hastens its proteasomal degradation, lowering enzyme levels.

13 2022 Clin Cancer Res Phase I clinical trials revealed CT900, a novel TYMS inhibitor targeting α-folate receptor, 
demonstrated an acceptable side effect profile and clinical benefit in patients with  
ovarian cancers.

14 2019 Cell Death 
Differ

In vitro, knockdown of TYMS attenuated migration and sphere formation while repressing 
the expression of epithelial-mesenchymal transition (EMT) signature genes. In vivo, cells 
deficient in TYMS demonstrated an increased ability to invade and metastasize.  
Mechanistically, TYMS enzymatic activity was found to be essential for maintaining the 
EMT/stem-like state by facilitating dihydropyrimidine dehydrogenase-dependent  
pyrimidine catabolism.

15 2016 Clin Cancer Res Id1 was found to confer 5-FU chemoresistance through E2F1-dependent induction  
of TYMS expression in esophageal cancer. Additionally, an intricate E2F1-dependent 
mechanism was elucidated, whereby Id1 increases TYMS and IGF2 expressions to  
promote cancer chemoresistance.

16 2007 Clin Cancer Res In NSCLC patiens, E2F1 gene expression correlates with TS gene expressions and tumor 
proliferation.

17 2004 Clin Cancer Res The induction of TYMS expression inhibits Fas induction in response to raltitrexed and 
Alimta, leading to the inactivation of Caspase-8.

18 2004 Cancer Cell Overexpression of TYMS results in programmed cell death following serum removal.  
The ectopic expression of TYMS is sufficient to induce a transformed phenotype in  
mammalian cells, as evidenced by foci formation, anchorage-independent growth, and 
tumor formation in nude mice.

19 2022 Mol Med The MALAT1 lncRNA and miRNA (miR-197-3p, miR-203a-3p, miR-375-3p) network  
regulates TYMS expression and predicts chemoresistance to 5-FU treatment.

20 2022 Biomedicines TYMS is involved in the modulation of epithelial-mesenchymal transition (EMT) and 
colorectal cancer metastasis. Silencing TYMS expression reverses EMT and inhibits the 
invasive capacity of cancer cells.

21 2014 Oncotarget HSP90 knockdown inhibits cell cycle progression, downregulates TYMS levels, and  
sensitizes colorectal cancer cell lines to the effects of 5-FU.

22 2012 Aging Simultaneous genetic inhibition of TYMS and ribonucleotide reductase in melanoma  
cells induces DNA damage and senescence phenotypes. Conversely, overexpression of 
TYMS and ribonucleotide reductase inhibits DNA damage and senescence-associated 
phenotypes caused by C-myc depletion.

23 2009 Int J Cancer Histone deacetylase inhibitors (HDACi) significantly downregulate TYMS gene  
expression in colon cancer cell lines. This downregulation is independent of p53, p21, 
and HDAC2 expression and can be achieved in vivo, thereby contributing to overcoming 
chemoresistance to 5-FU.

24 2019 Carcino-genesis Melatonin-mediated downregulation of thymidylate synthase as a novel mechanism for 
overcoming 5-fluorouracil associated chemoresistance in colorectal cancer cells.

25 2020 J Adv Res A novel TYMS inhibitor induces apoptosis through the mitochondrial pathway in NSCLC 
cells by upregulating wild-type p53 protein expression. This compound also inhibits  
angiogenesis both in vitro and in vivo.

26 2011 J Pharmacol 
Exp Ther

Cisplatin increases the phosphorylation of mitogen-activated protein kinase kinase 1/2 
(MKK1/2) and extracellular signal-regulated kinase 1/2 (ERK1/2), as well as the protein 
levels of TYMS, by enhancing protein stability in NSCLC cells. Depletion of endogenous 
TYMS expression significantly increases cisplatin-induced cell death and growth inhibition. 
Enforced expression of constitutively active MKK1/2 vectors rescues the protein levels of 
phospho-ERK1/2 and TYMS. In conclusion, the upregulation of ERK1/2-dependent TYMS 
protects NSCLC cells from cisplatin-induced cytotoxicity.
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Supplementary Figure 1. Structural characteristics of TYMS. A. Gene location of TYMS. B. Conserved domain of 
TYMS. C. Three-dimension structure of TYMS.

Supplementary Figure 2. TYMS expression showed no difference between KICH, PRAD, TGCT, or THCA and their 
comparable normal tissues. KICH, kidney chromophobe; PRAD, prostatic adenocarcinoma; TGCT, testicular germ 
cell tumors; THCA, thyroid carcinoma.
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Supplementary Figure 3. TYMS expres-
sion across pathologic stages showed 
no difference in these tumors.



Thymidylate synthase in human cancers

6 

Supplementary Figure 4. Phosphoprotein site of TYMS showed in the axis.

Supplementary Figure 5. Correlation between TYMS and CD8+ immune cells (A) and NK cells (B). NK, natural killer.
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Supplementary Table 2. Top 100 TYMS-correlated genes
Gene Symbol Gene ID Pearson correlation coefficient
NDC80 ENSG00000080986.12 0.73
EZH2 ENSG00000106462.10 0.66
NUSAP1 ENSG00000137804.12 0.66
WDR76 ENSG00000092470.11 0.65
MCM6 ENSG00000076003.4 0.65
KIFC1 ENSG00000237649.7 0.65
NCAPG ENSG00000109805.9 0.64
KIF15 ENSG00000163808.16 0.64
LMNB1 ENSG00000113368.11 0.63
HMGB2 ENSG00000164104.11 0.63
FEN1 ENSG00000168496.3 0.63
PCNA ENSG00000132646.10 0.63
GTSE1 ENSG00000075218.18 0.62
KIF2C ENSG00000142945.12 0.62
MCM3 ENSG00000112118.17 0.61
PLK4 ENSG00000142731.10 0.61
CHAF1A ENSG00000167670.15 0.61
CDC7 ENSG00000097046.12 0.61
CLSPN ENSG00000092853.13 0.61
KIAA0101 ENSG00000166803.10 0.6
AURKB ENSG00000178999.12 0.6
FANCI ENSG00000140525.17 0.6
UHRF1 ENSG00000276043.4 0.6
FBXO5 ENSG00000112029.9 0.6
H2AFZ ENSG00000164032.11 0.59
CENPU ENSG00000151725.11 0.59
RAD54L ENSG00000085999.11 0.59
NCAPG2 ENSG00000146918.19 0.59
DNMT1 ENSG00000130816.14 0.59
STMN1 ENSG00000117632.20 0.59
TMPO ENSG00000120802.13 0.58
KIF4A ENSG00000090889.11 0.58
PRC1 ENSG00000198901.13 0.58
NCAPH ENSG00000121152.9 0.58
CENPK ENSG00000123219.12 0.58
HMGN2 ENSG00000198830.10 0.58
ASPM ENSG00000066279.16 0.58
KIF18B ENSG00000186185.13 0.58
KIF11 ENSG00000138160.5 0.57
CHAF1B ENSG00000159259.7 0.57
SKA1 ENSG00000154839.9 0.57
TCF19 ENSG00000137310.11 0.57
DONSON ENSG00000159147.17 0.57
BUB1 ENSG00000169679.14 0.57
CCNB2 ENSG00000157456.7 0.57
CHEK1 ENSG00000149554.12 0.57
MCM2 ENSG00000073111.13 0.57
PSMC3IP ENSG00000131470.14 0.57
SGOL2 ENSG00000163535.17 0.57



Thymidylate synthase in human cancers

8 

KIF23 ENSG00000137807.13 0.57
MCM5 ENSG00000100297.15 0.56
E2F1 ENSG00000101412.12 0.56
CDC45 ENSG00000093009.9 0.56
ASF1B ENSG00000105011.8 0.56
CENPF ENSG00000117724.12 0.56
CDCA5 ENSG00000146670.9 0.56
TUBA1B ENSG00000123416.15 0.56
NUF2 ENSG00000143228.12 0.56
CDC25C ENSG00000158402.18 0.56
CCNA2 ENSG00000145386.9 0.56
BRIP1 ENSG00000136492.8 0.56
MND1 ENSG00000121211.7 0.56
LRR1 ENSG00000165501.16 0.56
ZWINT ENSG00000122952.16 0.56
TUBB ENSG00000196230.12 0.55
CENPO ENSG00000138092.10 0.55
SPC25 ENSG00000152253.8 0.55
POLA2 ENSG00000014138.8 0.55
H2AFV ENSG00000105968.18 0.55
TPX2 ENSG00000088325.15 0.55
E2F2 ENSG00000007968.6 0.55
BIRC5 ENSG00000089685.14 0.55
SGOL1 ENSG00000129810.14 0.55
RFC2 ENSG00000049541.10 0.55
EXO1 ENSG00000174371.16 0.55
NEIL3 ENSG00000109674.3 0.55
EXOSC9 ENSG00000123737.12 0.55
PHF19 ENSG00000119403.13 0.55
FBXO43 ENSG00000156509.13 0.55
DLGAP5 ENSG00000126787.12 0.55
ZNF367 ENSG00000165244.6 0.55
KIF20A ENSG00000112984.11 0.54
MXD3 ENSG00000213347.10 0.54
TIMELESS ENSG00000111602.11 0.54
MAD2L1 ENSG00000164109.13 0.54
PRIM1 ENSG00000198056.13 0.54
CDT1 ENSG00000167513.8 0.54
UBE2T ENSG00000077152.9 0.54
HJURP ENSG00000123485.11 0.54
CKAP2L ENSG00000169607.12 0.54
FAM64A ENSG00000129195.15 0.54
FAM72B ENSG00000188610.12 0.54
RNASEH2A ENSG00000104889.4 0.54
GINS1 ENSG00000101003.9 0.54
METTL4 ENSG00000101574.14 0.53
NASP ENSG00000132780.16 0.53
DTL ENSG00000143476.17 0.53
RFC5 ENSG00000111445.13 0.53
TMPO-AS1 ENSG00000257167.2 0.53
DSN1 ENSG00000149636.15 0.53


