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Abstract: Background: The expression of thymidylate synthase (TYMS) is significantly up-regulated in various can-
cers and associated with the poor prognosis of patients. However, the role of TYMS in the progression of colorectal
cancer (CRC) is unclear. Methods: Cell function assay, biology information analysis, and RNA sequencing were
used to investigate the role of TYMS in the progression of CRC and underlining molecular mechanism. SPSS22.0
statistical software and GraphPad Prism 5 (Graphpad software) were used for statistical analysis. Results: Our
results showed that TYMS expression was higher in CRC tissues than that in non-tumor colorectal mucosa tissues.
TYMS knockdown inhibited the proliferation, migration and invasion of HCT116 and HT29 cells, and the spheroid
formation of HCT116 cells. The underling mechanism demonstrated that TYMS promoted the progression of CRC by
regulating EMT-related proteins including E-cadherin, Vimentin, MMP-9 and stem cell biomarkers including CD133
and CD44. Furthermore, DEG sequencing showed that TYMS knockdown enriched the pathways of metastasis and
metabolism by GO and KEGG analysis. We identified TM4SF4 was the downstream target of TYMS in CRC cells.
TMA4SF4 overexpression increased migration and invasion of CRC cells by regulating EMT and CD133 expression.
Conclusions: Our findings suggest that TYMS-TM4SF4 axis may promote the progression of CRC by EMT and upregu-

lating stem cell markers.
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Introduction

Colorectal cancer (CRC) is one of most common
cancers in the world. Despite the development
of systematic and comprehensive treatment,
the mortality rate of CRC is still about 35%,
mainly due to recurrences and metastasis.
Therefore, the discovery of new molecules that
can be used as biomarker for CRC is of great
significance [1]. Thymidylate synthase (TYMS)
plays a key role in the biosynthesis of thymi-
dine monophosphate, which is the basic sub-
strate for DNA synthesis. Studies have shown
that the TYMS expression is significantly up-
regulated in various cancers. The high expres-
sion of TYMS is associated with poor clinical
outcomes in these cancers. In addition,
increased expression of TYMS has also been
shown to cause the cancer cells to be more
aggressive and metastatic [2].

Epithelial-mesenchymal transition (EMT) refers
to the process by which epithelial cells trans-
form into a mesenchymal phenotype, which is
associated with increased capacity for migra-
tion and invasion, resistance to apoptosis, in-
creased extracellular matrix degrading enzymes
[3]. EMT is a mechanism regulated by the com-
ponents of the tumor microenvironment, espe-
cially as an effect of hypoxic conditions. Within
this milieu, cancer stem cells (CSC) are also
invoved in invasion and metastasis of cancer
[4]. The study on mechanism of EMT and CSC in
the progression of CRC has facilitated the dis-
covery of new genes as diagnostic biomarkers
and the development of potentially therapeutic
targets [5].

Transmembrane 4 L6 family member 4 (TM4-
SF4, also known as IL-TMP) is a member of the
four transmembrane protein family and origi-
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nally identified as a four transmembrane glyco-
protein that exists in human intestinal epitheli-
um and liver. TM4SF4 has been reported to be
involved in the EMT and predicts CRC prognosis
[6]. Herein, our study has found that the meta-
static function of TYMS in CRC and identified
TM4SF4 as TYMS downstream gene involving
in the metastasis of CRC.

Material and methods
Data mining

TCGA CRC gene expression RNA-seq data and
related clinical phenotype were downloaded
from the UCSC website (http://genome.ucsc.
edu/). Besides, mRNA expression data (521
samples, Workflow Type: HTSeq-FPKM) and
clinical information in Table 3 were downloaded
from TCGA database (https://cancergenome.
nih.gov).

Cell lines

CRC cell lines including HCT116, HT29, LOVO,
RKO, SW116, SW480, SW620 and T84 were
purchased from the American Type Culture
Collection and cultured in DMEM medium
(Gibco) supplemented with 10% fetal bovine
serum (Gibco) and 1% penicillin-streptomycin.
These cells were maintained in a humidified
atmosphere containing 5% CO, at 37°C.

Cell proliferation assay

The cell proliferation was determined by usig
Cell Counting Kit-8. In brief, cell lines were incu-
bated in 96-well plates (1x102 cells per well) in
5% CO, at 37°C. After O, 1, 2, 3 and 4 days of
incubation, the cells were transferred to 10 L
cell counting kit-8 (CCK-8) reagent for another
3 hours to incubate. Absorbance of each well
was examined at 450 nm using a THERMO
FISHER Multis.

Transwell migration and invasion assay

Transwell migration assay were performed in
24-well plates with 3 um pore polycarbonate
membranes. 1x10° cells with 200 pyL serum-
free medium were added to the upper cham-
bers. 500 yL DMEM medium contained with
15% fetal bovine serum was added to the lower
chambers. The cells were incubated for 72 h at
37°C incubator to enable the cells to transwell
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into the lower chambers. The invasive cells
were fixed by 4% paraformaldehyde after 30
minutes for incubation and stained with 0.1%
crystal violet for 30 minutes. Invasion assays
were performed with filters precoated with
Matrigel, the cells were incubated for 72 h at
37°C to enable cell invasion into the lower ch-
amber. Both of them were taken by the micros-
copy in at least nine representative views.

Culture of colorectal cancer cell line spheres

The serum-supplemented medium (SSM) con-
sisted of DMEM supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin.
Per unit (50 mL) of the serum-free medium
(SFM) was composed of 48.5 mL Dulbecco’s
Modified Eagle Media, 1 mL B27 supplement
with 50 pL of 20 yg/mL epidermal growth fac-
tor (EGF), 50 uL of 20 ug/mL basic fibroblast
growth factor (bFGF), and 168 pL insulin, 0.5
mL penicillin-streptomycin. Cell lines in each
experimental group were subcultured in SSM.
Cells at the exponential growth phase were
washed with PBS and digested with trypsin,
followed by resuspension in SFM. Living cells
were counted and subcultured in SFM at a
concentration of 103/mL. The changes of cell
morphology and the number of spheres were
observed continuously for about 14 days with
a light microscope. The macroscopical spheres
of days 14 in each experimental group were
counted.

Construction of lentiviral vectors containing
ShRNA targeting TYMS

For the human TYMS gene sequence, we
designed the RNAI target sequence according
to the RNAi sequence design principle. BLAST
analysis showed that they are not homologous
to any other human cDNA sequence. Two pairs
of oligonucleotide sequences were designed
and synthesized, and each pair contained a
sense strand and an antisense strand (Table
1). The shRNA lentiviral vector targeting gene
TYMS (LV-TYMS-RNAI) and the negative control
lentiviral vector (LV-shRNA-NC) were construct-
ed and packaged by Guangzhou IGE Biotech-
nology Co., Ltd. (Guangzhou, China).

Differential analysis of known genes expres-
sion

Differentially expressed genes (DEG) sequenc-
ing was used to perform differential expression
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Table 1. Two pairs of oligonucleotide sequences for ShTYMS

Sequnce name

Base sequence

ShTYMS-1 CCGGGCTGACAACCAAACGTGTGTTCTCGAGAACACACGTTTGGTTGTCAGCTTTTTG
GTTTTTCGACTGTTGGTTTGCACACAAGAGCTCTTGTGTGCAAACCAACAGTCGGGCC

ShTYMS-2 CCGGCCCTGACGACAGAAGAATCATCTCGAGATGATTCTTCTGTCGTCAGGGTTTTTG
GTTTTTCGACTGTTGGTTTGCACACAAGAGCTCTTGTGTGCAAACCAACAGTCGGGCC

Table 2. TYMS expression and its association with clini- value <0.05 for further analysis. Throu-

copathological features of CRC gh the difference multiple (]log2 (Fold

W At i

No. (%) No. (%) : !

Age (years)
Mean £+ SD
<60
>60

Sex
Male
Female

T classification
T1+T2
T3+T4

N classification
NO
N1+N2

M classification
MO
M1

TNM staging
I+11
+1V

MSI statue
MSS+MSI-L
MSI-H

Histological type

adenocarcinoma
mucinous adenocarcinoma

Venous invasion

differentially expressed genes among
samples, and perform the statistics of
the number of differentially expressed
genes between samples.

0.77
65+12 64+14
66 (35.3) 64 (33.9)
121 (64.7) 125 (66.1)
0.686 pcDNA3.1(+)/TM4SF4 construction
101 (54.0) 106 (56.1) and DNA transfection

86 (46.0) 83(43.9)
0.098 The pcDNA3.1(+)/TM4SF4-3xFlag and

pcDNA3.1(+) were purchased from
Guangzhou IGE Biotechnology Co., Ltd.
(Guangzhou, China). The bacterial
strain of pcDNA3.1(+)/TM4SF4-3xFlag
was shaked overnight at 37°C and
250 rpm, and then bacteria was har-

27 (14.6) 40 (21.2)
158 (85.4) 149 (78.8)
0.002
87 (46.8) 119 (63.0)
99 (53.2) 70 (37.0)

0.126 vested to lyse and purify by endotoxin
120 (65.2) 135(72.6) free plasmid extraction kit. An ultravio-
64 (34.8) 51 (27.4) let spectrophotometer was used to
0.001 measure the plasmid concentration
80 (44.9) 113 (62.8) and yield. Cell lines were maintained in
98 (55.1) 67 (37.2) a humidified atmosphere containing
0.000 5% CO, at 37°C. Seeded the log-phase
188 (98.9) 139 (73.2) of these cells into 6-well culture plates

until they reach 70%-90% cell fusion
rate for the time to transfect. Prior to
each test, cells were washed three
times with phosphate buffered solu-
tion (PBS), transfected with 2500 ng/
0.205 well pcDNA3.1(+)/ TM4SF4-3xFlag and

2(1.1) 51(26.8)
0.008

173 (93.0) 156 (84.3)

13(7.0) 29 (15.7)

absent 123 (73.7) 125 (79.6) pcDNA3.1(+) plasmid using 5 uL/well
present 44 (26.3) 32(20.4) lipofectamine 3000 (Invitrogen) in
Lymphatic invasion 0.42 Opti-MEM®I reduced serum medium,
absent 112 (67.1) 116 (71.2) respectively, followed by incubation at
present 55 (32.9) 47 (28.8) 37°C in 5% CO, for 24 h and then the
Primary site 0.002 culture medium was renewed every day
colon 130 (68.4) 156 (82.1) which the culture medium was com-
rectum 60(31.6) 34 (17.9) posed of DMEM medium supplement-
ed with 10% fetal bovine serum and
1% penicillin-streptomycin. Then, col-
analysis of known genes. We calculated the P lected the cells for verification of the transfec-
value and Q value of the gene in the compari- tion efficiency by gRT-PCR and western blotting
son group and used the differential gene with Q after 48 h and 72 h transfection.
1011 Am J Cancer Res 2022;12(3):1009-1026
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Table 3. The relationship between TM4SF4 expression and clinical characteristics of CRC based on

TCGA database
o Univariate analysis Multivariate analysis
Characteristics Total (N) - -
Hazard ratio (95% Cl) P value Hazard ratio (95% Cl) P value

T stage 476

T1 11 Reference

T2 83 0.417 (0.080-2.159) 0.297 0.378 (0.034-4.210) 0.429

T3 322 1.291 (0.316-5.268) 0.722 1.430 (0.192-10.661) 0.727

T4 60 3.508 (0.818-15.037) 0.091 2.958 (0.371-23.572) 0.306
N stage 477

NO 283 Reference

N1 108 1.681 (1.019-2.771) 0.042 1.038 (0.534-2.018) 0.913

N2 86 4.051 (2.593-6.329) <0.001 2.288 (1.158-4.521) 0.017
M stage 414

MO 348 Reference

M1 66 4.193 (2.683-6.554) <0.001 2.149 (1.177-3.924) 0.013
Age 477

<65 194 Reference

>65 283 1.610 (1.052-2.463) 0.028 1.935 (1.146-3.265) 0.013
Lymphatic invasion 433

YES 168 Reference

NO 265 0.408 (0.269-0.620) <0.001 0.674 (0.402-1.131) 0.135
TYMS 477 0.986 (0.766-1.268) 0.912
TMASF4 477 1.151 (1.016-1.304) 0.027 1.267 (1.091-1.471) 0.002

Abbreviations: HR, hazard ratio; Cl, confidence interval; Bold values indicate P<0.05.

Quantitative real time PCR

Total RNA was isolated using the RNeasy isola-
tion kit and converted to cDNA using the
Maxima first strand cDNA synthesis kit with,
dsDNase. Quantitative real-time PCR was run
on CFX96 Touch PCR system. The primer
sequences used for TYMS were followed.
Forward primer: 5-CTGCTGACAACCAAACGT-
GTG-3". Reverse primer: 5-GCATCCCAGATTT-
TCACTCCCTT-3'. The primer sequences used
for E-cadherin were followed: forward: 5-CGG
GAA TGC AGT TGA GGA TC-3; reverse:
5-AGGATGGTGTAAGCGATGGC-3. The primer
sequences used for Vimentin were followed:
forward: 5-GACAATGCGTCTCTGGCACGTCTT-3’;
reverse: 5’-TCC TCC GCC TCCTGCAGGTTCTT-3..
The primer sequences used for MMP-9 were
followed: forward: 5-ACCGCCAACTACGACCG-
GGA-3’; reverse: 5-GTGGTAGCGCACCAGAGG-
CG-3'. The primer sequences used for CD133
were followed: forward: 5-CCCGGGGCTGCT-
GTTTATA-3’; reverse: 5-ATCACCAACAGGGAGA-
TTG-3. The primer sequences used for CD44
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were followed: forward: 5’-CTG CCG CTT TGC-
AGGTGTA-3’; reverse: 5-CATTGTGGGCAAGG-
TGCTATT-3". The primer sequences used for
TM4SF4 were followed: forward: 5’-CCA CGA-
ATTCATGTGCACTGGGGGC-3’; reverse: 5-TCC-
TCGAGTTAAACGGGTCCATCTCCC-3. The geo-
metric mean of housekeeping gene glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH,
Takara bio, Dalian, China) was used as internal
controls. All experiments were performed in
triplicate.

Western blot analysis

The cells were lysed with cell lysis buffer, and
the protein concentration was measured by
using the BCA assay. Equal amounts of protein
were subjected to 10% SDS-PAGE for electro-
phoresis and transferred to a polyvinylidene
difluoride membrane. The membrane was
blocked with 5% fat-free milk at room tempera-
ture and then incubated with specific primary
antibodies including TYMS, TMA4SF4, E-cad-
herin, Vimentin, MMP-9, CD133, CD44, respec-
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tively overnight at 4°C. B-actin or GAPDH was
used as loading control. The membrane was
then incubated with the respective secondary
antibodies at room temperature for 1 h and the
immunoblot was developed through enhanced
chemiluminescence by using the Mini Chemi
TM Imaging system.

Tissue specimens

A total of 50 cases of paraffin-embedded early
stage CRC tissues (T1) and 62 cases of non-
tumor colorectal mucosa tissues were collect-
ed from our institute from Jan. 2015 through
Dec. 2018. Ten pairs of fresh CRC tissues and
respective non-tumor colorectal mucosa tis-
sues were collected. The ethic approval and
patient’s informed consent was obtained from
the Institutional Research Ethics Committee.
The histopathology of the disease was deter-
mined according to WHO classification. The
evaluation was based on Dukes staging and
clinical staging.

Immunohistochemistry staining

All the sections were blocked with 3% H,0, and
1% fetal bovine serum (FBS) for 2 h at room
temperature and incubated overnight at 4°C
with primary antibodies: anti-rabbit TYMS anti-
body (1:500), followed by incubation in biotinyl-
ated secondary antibody. Sections were rinsed
again for 3 min (three times) and incubated
in the complex of avidin-peroxidase for 60
min at room temperature. Labeling was visual-
ized using diaminobenzidine (DAB) for 0.5 min.
After reactions, the sections were dehydrated,
cleared, and cover-slipped. The DAB-positive
areas were observed and photographed using
microscope.

Statistical analysis and reproducibility

SPSS22.0 statistical software and GraphPad
Prism 5 (Graphpad software) were used for sta-
tistical analysis. All values were expressed as
means + the standard deviation (SD). Differ-
ences between mean values of normally dis-
tributed data were assessed by the indepen-
dent t-test, Student’s t-test and Fisher’s exact
test. Chi-square test was used to compare the
levels of TYMS expression and various clinico-
pathological parameters of CRC patients. Inde-
pendent prognostic factor for CRC patients
with TM4SF4 was analysed using Cox regres-
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sion analysis. P<0.05 was considered to be sta-
tisticaly significant.

Results

TYMS expression was upregulated and its re-
lationship with clinicopathological features of
CRC

In order to investigate whether TYMS was
upregulated in CRC tissues, we analyzed the
RNA-seq datasets and corresponding clinical
features from TCGA CRC database and found
that TYMS was significantly up-regulated in
paired CRC tissues (N=380) compared with
normal tissues (N=51) (P<0.05, Figure 1A).
TYMS protein expression level was determined
in CRC and respective non-tumor colorectal
mucosa (NTCM) tissues by immunohisto-
chemistry staining. TYMS expression was sig-
nificantly higher in CRC tissues than that in
respective non-tumor colorectal mucosa tis-
sues (P<0.05, Figure 1B-D). In addition, west-
ern blot showed that TYMS was upregulated
in 10 fresh CRC tissues compared with respec-
tive fresh non-tumor colorectal mucosa tissues
(Figure 1E). TYMS mRNA and protein expres-
sion levels were higher in HCT116 and HT29
compared with other CRC cell lines by qRT-PCR
and western blot analysis, respectively (Figure
1F). To explore the relationship between TYMS
expression and clinical features of CRC, we
analyzed TCGA database and found that TYMS
expression was significantly associated with N
classification, TNM staging, MSI status, histo-
logical type and primary site (Table 2). The
results suggest that high TYMS expression is
associated with more aggressive behavior of
CRC.

TYMS knockdown inhibited the growth of CRC
cells

To determine whether the lentivirus of TYMS-
shRNA suppressed TYMS expression, the lev-
els of TYMS in infected CRC cells and negative
control cells were compared. TYMS protein
and mRNA level in infected HCT116 and HT29
cells with sh-TYMS-1 or sh-TYMS-2 was signifi-
cantly reduced compared with the negative
control group, respectively (Figure 2A, 2B).
TYMS knockdown in HCT116 and HT29 cells
transfected with sh-TYMS-1 or sh-TYMS-2 sig-
nificantly suppressed cell growth by the CCK-8
assay, respectively (Figure 2C, 2D) (P<0.05).
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Figure 1. TYMS expression in CRC tissues and cell lines. The expression of TYMS mRNA in paired CRC samples
from TCGA (A). Representative photomicrographs of CRC (B, n=50) and NTCM (C, n=62) from paraffin-embedded
CRC tissues stained with TYMS antibody by IHC. Cell lysates were analyzed by immunoblotting with TYMS antibody
with normal tissues (n=10) and tumor tissues (n=10) (D). TYMS expression in 10 pairs of fresh CRC and adjacent
non-tumor colorectal mucosa (ANM) tissues by western blot analysis (E). The TYMS expression in CRC cell lines by

gRT-PCR and western blot analysis (F).

TYMS knockdown inhibited the migration, inva-
sion, and spheroid formation of CRC cells

As shown in Figure 3A-D, TYMS knockdown
suppressed the migration and invasion in
HCT116 and HT29 cells transfected with sh-
TYMS-1 or sh-TYMS-2 compared with the nega-
tive control group by transwell migration and
invasion assay, respectively. To further explore
the effect of TYMS on the stemness of CRC
cells. The spheroid formation capacity was sig-
nificantly attenuated in HCT116 cells with
TYMS knockdown, which was characterized by
the decrease of spheroid size and number
(Figure 3E, 3F). Spheres sizes were derived
from HCT116 with sh-TYMS-1 or sh-TYMS-2
stable transfection in 7 days by fluorescent
microscopy. Macroscopical spheres per 1000
spheres in each group were counted through
naked-eyes in 14 days.

TYMS promoted the progression of CRC by
EMT and upregulating the stemness biomark-
ers

The above findings suggest that TYMS is an
oncogene which is associated with metastatic
phenotypes of CRC. EMT is closely associated
with tumor invasion and metastasis and has
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been considered to be a fundamental event in
cancer metastasis [7]. To investigate the effect
of TYMS on EMT phenotype in CRC, mRNA
and protein expression levels of E-cadherin in
HCT116 cells with TYMS knockdown were obvi-
ously higher than that in the negative control
cells by RT-gPCR and western blot analysis,
respectively. In addition, western blot results
showed that the protein expression level of
E-cadherin in HT29 cells with sh-TYMS-1 or sh-
TYMS-2 was obviously higher than that in the
negative control cells, respectively. However,
the mRNA expression level of E-cadherin was
lower in HT29 cells with sh-TYMS-1 or sh-
TYMS-2 than that in negative control cells by
RT-gPCR, respectively. Moreover, mRNA and
protein expression levels of Vimentin and
MMP9 were obviously lower in HCT116 and
HT29 cells with TYMS knockdown than that in
negative control cells, respectively (Figure 4).

CD133 and CD44 are stem cell surface mark-
ers of CRC [8]. To explore the effects of TYMS
on the stemness of CRC. As shown in Figure 4,
mMRNA expression of CD133 and CD44 were
remarkably decreased in HCT116 and HT29
with TYMS knockdown compared with the neg-
ative control group by RT-gPCR, respectively.
CD133 protein expression was also suppress-
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Figure 2. TYMS knockdown inhibited the growth of colorectal cancer cells. CCK-8 assay was performed to measure
cell proliferation in HCT116 (A) and HT29 (B) cell lines with TYMS knockdown or negative control after stable trans-
fection. TYMS knockdown significantly suppressed HCT116 (C) and HT29 (D) cell growth by CCK-8 assay. P value is

shown (independent t-test). "P<0.05; "P<0.01; "*"P<0.001.

ed in HCT116 and HT29 with TYMS knockdown
compared with the negative control group by
western blot assay, respectively. CD44 protein
expression was decreased in HT29 with TYMS
knockdown compared with the control group.
There was no remarkable change of CD44 pro-
tein expression in HCT116 with TYMS knock-
down compared with the control group by west-
ern blot assay. The results suggest that TYMS
may promote the progression of CRC by upregu-
lating stem cell markers including CD133 and
CD44 expression.

Identification of TYMS downstream effector in
CRC cells

To further explore the downstream genes of
TYMS in CRC, DEG sequencing (DEGs) was
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used to perform the differential expression
analysis of known genes in HT29 cells with
TYMS knockdown compared with the control
group. Among the DEGs of HT29 cells with
TYMS knockdown, 115 genes were upregulat-
ed, while 223 genes were downregulated
(Figure 5). In biological process (BP) term, the
DEGs in HT29 cells with TYMS knockdown
were mainly enriched in flavonoid metabolic
process, uronic acid metabolic process, hor-
mone metabolic process, platelet degranula-
tion (Figure 6A). In cellular component (CC)
term, the DEGs were mainly involved in platelet
alpha granule, platelet alpha granule lumen,
collagen-containing extracellular matrix, cell-
cell junction (Figure 6B). In molecular func-
tion (MF) term, the DEGs were mainly associat-
ed with ATPase activity, ubiquitin-like protein
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Figure 3. TYMS knockdown inhibited the migration and the spheroid formation of CRC cells. A. Transwell migration assay showed lower migratory potential of Sh-
TYMS HCT116 cell in comparison to that of HCT116 cell. B. Transwell invasion assay showed lower invasive potential of Sh-TYMS HCT116 cell in comparison to
that of HCT116 cell. C. Transwell migration assay showed lower migratory potential of Sh-TYMS HT29 cell in comparison to that of HT29 cell. D. Transwell invasion
assay showed lower invasive potential of Sh-TYMS HT29 cell in comparison to that of HT29 cell. E, F. Spheres derived from HCT116 colon cancer lines with TYMS
knockdown or negative control after stable transfection in 7 days and macroscopical spheres per 1000 spheres in each group were counted through naked-eyes in
14 days. P value is shown (independent t-test). "P<0.05; ""P<0.01.
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Figure 4. TYMS inhibited CRC cells progression by regulating EMT, MMP-9, CD133 and CD44 in colorectal cancer
cells. The mRNA levels (A, B) and protein levels (C, D) of epithelial cell markers and CSC-related cell markers in
colorectal cancer cell lines transfected with TYMS shRNA and negative control shRNA.

ligase binding, endopeptidase regulator activi-
ty, integrin binding (Figure 6C). KEGG pathway
analysis indicated that the DEGs were mainly
related to metabolism of xenobiotics by cyto-
chrome P450, steroid hormone biosynthesis
and chemical carcinogenesis-DNA adducts
(Figure 5C).

We constructed a PPl network to further ex-
plore the interaction between the common
DEGs by using STRING database and Cytos-
cape (Figure 7A, 7B). Among which, we found
that TM4SF4 decreased remarkablely in HT29
cells with TYMS knockdown and was located in
the center of PPI network, which might be one
of the downstream genes of TYMS in CRC on
the basis of log2 (Fold_change) value. In addi-
tion, top 10 hub genes in the network were
identified by cyto-Hubba and the top 10 hub
genes were mainly related to metabolism of
xenobiotics by cytochrome P450 and tumor
metastasis. TCGA database showed TYMS
MRNA expression was positively correlated
with TMASF4 mRNA expression (Figure 7C,
7D).

In addition, our validation data showed that
mRNA and protein expression levels of TM4SF4
remarkabley reduced in HCT116 and HT29
cells upon TYMS knockdown compared with
the control group by RT-gPCR and Western
blot assay, respectively (Figure 8). To further
investigate whether TM4SF4 regulates TYMS
expression in CRC, RT-gPCR and Western blot
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results showed that TM4SF4 overexpression in
HCT116 and HT29 cells darmaticaly increased
TYMS mRNA and protein expression compared
with the control group, respectively (Figure 9).
These results suggest that there may be an
interaction between TYMS and TM4SF4 in CRC
cells.

TM4SF4 promoted migration and invasion of
CRC cells by EMT and upregulating CD133
expression

To further study the role of TM4SF4 in CRC, our
data showed that TM4SF4 overexpression sig-
nificantly increased migration and invasion in
HCT116 and HT29 cells compared with the
control group, respectively (Figure 10A-D).
Moreover, TM4SF4 overexpression decreased
the mRNA expression of E-cadherin, and en-
hanced mRNA expression of Vimentin and
CD133 in HCT116 and HT29 cells compared
with the control group, respectively. Moreover,
TMA4ASF4 overexpression decreased the protein
expression of E-cadherin, and enhanced pro-
tein expression of CD133 in HCT116 and
HT29 cells compared with the control group
by western blot, respectively (Figure 11). We
analyzed TCGA database and demonstrated
that high TMA4SF4 expression was signifi-
cantly correlated with poor overall survival
(hazard ratio [HR]=1.151, 95% CI=1.016-
1.304, P=0.027) by univariate Cox analysis.
Multivariate Cox analysis confirmed TM4SF4

Am J Cancer Res 2022;12(3):1009-1026
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gene expression was an independent risk fac-
tor for overall survival in patients with CRC
(HR=1.935, 95% Cl=1.146-1.471, P=0.002)
(Table 3).

Discussion

Dysregulation of DNA replication genes may
have significant prognostic value and may be
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more useful to clinicians than standard bio-
markers in CRC [9, 10]. TYMS is located on
chromosome 18p and encodes thymidylate
synthase, which is an enzyme involved in DNA
replication and repair. TYMS catalyzes the
methylation of dUMP to produce dTMP and
plays an important role in DNA replication [11].
TYMS might serve as a potential biomarker for
lymph node metastasis and a prognostic factor

Am J Cancer Res 2022;12(3):1009-1026
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in CRC [2]. Several studies showed that high
MRNA levels of TYMS reflected in vitro chemo-
sensitivity to 5-FU in CRC [12, 13]. TYMS was
significantly connected with the prognosis of
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CRC patients [14]. However, the functions of
TYMS in CRC remains unclear. In this study, our
results firstly showed that TYMS was signifi-
cantly upregulated in CRC tissues compared

Am J Cancer Res 2022;12(3):1009-1026
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with non-tumor colorectal mucosa tissues by
immunohistochemistry staining, implying that
TYMS might act as an oncogene in CRC and
was related to the progression of CRC. Then,
we further explored the functions of TYMS in
CRC cells. Our data showed that TYMS knock-
down in HCT116 and HT29 cells significantly
suppressed the cell proliferation, migration and
invasion. Then, to explore the effect of TYMS on
the stemness of CRC, the spheroid formation
capacity was attenuated in HCT116 with TYMS
knockdown. The above results suggest that
TYMS promotes the progression of CRC.
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During CRC progression to advanced stages
that involves invasion into surrounding tissues
and further metastasizes to regional lymph
nodes and distant organs, CRC cells localized
at the tumor-host tissue interface often exhibit
the characteristics of EMT, which is loss of epi-
thelial cell markers like E-cadherin and gain of
mesenchymal cell markers like Vimentin, lead-
ing to the dissolution of adhesion junctions
and the acquisition of aggressive behavior
[15]. The loss of expression of E-cadherin dur-
ing the EMT is often thought to promote metas-
tasis by allowing the dissociation and invasion

Am J Cancer Res 2022;12(3):1009-1026
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Figure 10. TM4SF4 overexpression strengthened the migration of colorectal cancer cells. A. Transwell migration as-
say showed higher migratory potential of TM4SF4-overexpressing HCT116 cell in comparison to that of HCT116 cell.
B. Transwell invasion assay showed higher invasive potential of TM4SF4-overexpressing HCT116 cell in comparison
to that of HCT116 cell. C. Transwell migration assay showed higher migratory potential of TM4SF4-overexpress-
ing HT29 cell in comparison to that of HT29 cell. D. Transwell invasion assay showed higher invasive potential of
TMA4SF4-overexpressing HT29 cell in comparison to that of HT29 cell. E, F. Overall and disease-free survival analysis
performed in the GEPIA platform revealed a decreased survival in colon adenocarcinoma (COAD) patient samples
with low TM4SF4 expression. P value is shown (Student’s t-test and log rank test). "P<0.05; "*P<0.01; "*"P<0.001.
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Figure 11. TM4SF4 promoted CRC cells metastasis by regulating E-cadherin, Vimentin and CD133 in colorectal
cancer cells. The mRNA levels (A, B) and protein levels (C, D) of E-cadherin, Vimentin and CD133 in TM4SF4-overex-

pressing colorectal cancer cell lines. P value is shown (Student’s t-test). "P<0.05; "*P<0.01.

of cancer cells [16-19]. Vimentin, which is par-
ticularly important during development and in
cancer during EMT and metastasis, regulates
focal adhesions during cell migration [20, 21].
In addition, MMPs play an important role in
invasion and metastasis of tumor cells by
affecting synthesis and degradation of extra-
cellular matrix. Among the MMP members,
MMP-9 has been extensively studied in human
cancers and has been shown to be closely
related to the invasive potential and meta-
stasis of different types of tumor cells. The
expression of MMP-9 in tumor tissues was up-
regulated compared to that observed in the
paired adjacent non-tumor tissues from the
colorectal cancer fresh tissue and TMA cohort.
The high expression of MMP-9 in CRC tumor tis-
sue is significantly related to age, pathological
type, depth of invasion, lymph node metasta-
sis, distant metastasis and TNM stage [22].
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Some studies showed that the invasion of CRC
cells were also suppressed and was associated
with suppression of MMP-9 expression [23-25].
Our results showed that TYMS knockdown sig-
nificantly increased E-cadherin expression, but
decreased Vimentin and MMP-9 expression in
CRC cells compared with the control group by
RT-gPCR and Western blot analysis, respective-
ly. The above data suggest that TYMS promotes
CRC progression via EMT.

Cancer stem cells (CSCs) are self-renewable
cell types that contribute to initiation, metasta-
sis, relapse, and chemotherapy resistance of
cancer cells. For the identification of CSC,
one of the first stemness markers is the trans-
membrane glycoprotein CD133. Accumulating
evidence has shown that CD133 might be
responsible for CSCs tumourigenesis, meta-
stasis and chemoresistance [26, 27]. Another

Am J Cancer Res 2022;12(3):1009-1026
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CSC marker is the cell-surface glycoprotein
CD44, which is an adhesion molecule expre-
ssed in cancer stem-like cells. Mounting evi-
dence suggested that CD44 regulated the pro-
cess of the cancer stemness, including self-
renewal, tumor initiation, and metastasis [28,
29]. Various CRC cell lines were screened for
CD133 and CD44 expression related to CSCs
and their role in the tumorigenesis and aggres-
sive properties such as tumor proliferation and
metastasis. The combined analysis of CD133/
CD44 CSC markers was found to improve the
discrimination of low- and high-risk cases of
CRC, as compared to that with single-marker
analyses [30, 31]. To detect the effect of
TYMS on stem cell markers in CRC, our results
showed that CD133 and CD44 expression
were remarkably decreased in CRC cells with
TYMS knockdown. These findings suggest that
TYMS-knockdown inhibit CRC progression by
downregulating stem cell markers including
CD133 and CD44.

Furthermore, we identified TM4SF4 as the
downstream target of TYMS in CRC cells by
DEG sequncing. Approximately half of human
tetraspanins have been experimentally studied
and several tetraspanins proteins have been
shown to correlate with tumor prognosis and
regulate tumor progression and metastasis
[32]. There is little biochemical and biological
information about the L6 family. TM4SF4 is a
member of tetraspanin protein family that is
originally identified as a four transmembrane
glycoprotein. Choi et al. showed that TM4SF4
was highly expressed in radiation-resistant
lung adenocarcinoma cells and its expression
activated cell growth, migration, and invasion
[33]. Kyungsoo et al. discovered that knock-
down of TM4SF4 suppressed the growth of
lung cancer cell lines through outlier analysis.
Li et al., identified potential EMT biomarkers,
including TM4SF4 which was confirmed to
have an effect on the prognosis of CRC pa-
tients [6]. However, the biological function of
TM4SF4 is mostly unknown. Our study showed
that TM4SF4 overexpression increased TYMS
expression in HCT116 and HT29 cells, respec-
tively. The results suggest that there is an
interaction between TYMS and TM4SF4 in
CRC cells. In addition, our data showed that
TM4SF4 overexpression increased migration
and invasion of CRC cells. Mechanism study
found that TM4SF4 overexpression could regu-
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late EMT-related proteins and CD133 expres-
sion in CRC cells. These findings suggest that
TYMS-TMASF4 axis may promote the progres-
sion of CRC by regulating EMT and stem cell
markers. In addition, TCGA database showed
that high TMASF4 expression was correlated
with clinical progression and considered as an
independent risk factor for OS in patients with
CRC.

In conclusion, our findings suggest that
TYMS-TM4SF4 axis may promote the progres-
sion of CRC by EMT and upregulating stem cell
markers.
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