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Abstract: Cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC) has become increasingly
prevalent in younger women. Tropomyosin 3 (TPM3), a thin filament actin-binding protein, has been implicated in
various malignancies. In this study, TPM3 expression was evaluated using RNA-seq data from The Cancer Genome
Atlas (TCGA), and its relationship with CESC prognosis was examined with receiver operating characteristic (ROC)
curves. The effects of TPM3 on cellular proliferation and migration were examined in CESC cell lines using Cell
Counting Kit-8 (CCK-8), colony formation, and Transwell assays, while in vivo effects were assessed in mouse xe-
nograft models. Furthermore, differentially expressed genes (DEGs) associated with TPM3 were investigated to
determine their tumorigenic functions. Associations between TPM3, chemosensitivity, and immune infiltration were
analyzed, as were links between mutations, methylation, and prognosis using the cBioPortal and MethSurv data-
bases. Upregulation of TMP3 mRNA and protein levels was observed in CESC samples, with elevated mRNA levels
associated with reduced overall survival. TPM3 showed an area under the curve (AUC) of 0.946 for CESC diagnosis
and was found to regulate tumor proliferation and metastasis in vitro and in vivo. Overall, 3099 DEGs were iden-
tified and found to be enriched in key CESC progression-related signaling pathways. TPM3 expression was also
correlated with intratumoral immune cell infiltration and immune checkpoint activity. Patients with higher TPM3
expression showed distinctive chemosensitivity profiles, and TPM3 gene methylation was linked to poorer CESC
patient prognostic outcomes. In conclusion, TPM3 is a key regulator of CESC progression, prognosis, and the tumor
immune microenvironment, suggesting its potential as a diagnostic or prognostic biomarker and target for CESC
immunotherapy.

Keywords: Tropomyosin 3 (TPM3), cervical neoplasms, prognosis, tumour microenvironment, DNA methylation,
epithelial-mesenchymal transition

Introduction facilitate personalized treatment and evaluate
patient prognosis has sparked an intensified
focus on identifying potential biomarkers that

could predict treatment outcomes and survival

Cervical cancer (CC) is the fourth most com-
mon female malignancy with significant mortal-

ity and thus presents a substantial health chal-
lenge throughout the world [1]. Data from the
International Agency for Research on Cancer
indicate 604000 new CC cases in 2020,
together with 342000 CC-related deaths, with
90% of deaths occurring in low-to-middle
income countries [2, 3]. Despite the protective
benefits of the human papillomavirus (HPV)
vaccine for CC, regional disparities indicate
that CC will continue to pose a severe health
concern in the upcoming decades. The drive to

rates. By linking the invasive clinical phenotype
of the tumor to its gene expression profile,
molecular markers with prospective prognostic
utility can be identified.

Tropomyosin (TPM) is an actin-binding protein
that is expressed in thin muscle filaments. It
plays an important role in regulating muscle
contraction and is widely distributed in various
eukaryotic cells [4]. TPM3 is a member of the
TPM family and encodes 284 amino acid pro-
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teins expressed in both fibroblasts and slow-
contracting skeletal muscles. TPM3 is involved
in the stability of cytoskeletal microfilaments
and binds to actin in muscle cells to regulate
muscle contraction. In non-muscle eukaryotic
tissues, actin microfilaments participate in vari-
ous functions involving different actin struc-
tures, such as stress fibers, petal fibers, silk
feet, contractile rings, and microvilli, contribut-
ing to cell movement, intracellular vesicle trans-
port, and other cellular processes [5, 6].

Recent research has found that structural vari-
ations and changes in the expression levels of
the TPM3 gene are correlated with the occur-
rence and development of various malignant
tumors [7]. TPM3 plays various roles in many
cellular signaling pathways, including the epi-
thelial-mesenchymal transition (EMT), gene
fusion, and PI3K/AKT signaling pathways [8].
Recent studies have also shown a significant
association between TPM3 expression and the
progression and prognosis of various tumors,
including liver, lung, colon, esophageal and
mesenchymal tumors [9-12]. Nevertheless, the
association between TPM3 and cervical squa-
mous cell carcinoma and endocervical adeno-
carcinoma (CESC) has not been investigated
and still requires further exploration.

Data from The Cancer Genome Atlas (TCGA)
were analyzed to gain insight into the prognos-
tic and diagnostic implications of TPM3 expres-
sion and its functional role in CESC. The find-
ings were verified by both in vitro and in vivo
analyses. Correlations between TPM3 expres-
sion and parameters such as chemosensitivity,
immune checkpoint expression, and immune
cell infiltration were also evaluated. Together,
these analyses will provide a sound basis for
subsequent studies to clarify the role of TPM3
in CESC and its value as a diagnostic or thera-
peutic target in this cancer type.

Materials and methods
TCGA data

Data on patients with CESC were obtained from
the TCGA database. The data included TPM3
MRNA expression levels and clinicopathologi-
cal information such as patient age, TNM, and
clinical staging.

Clinical sample collection

Paired samples of CESC tumor and adjacent
healthy tissues were collected from patients
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undergoing surgery at The Second Hospital of
Jilin University between January and August
2022. The patients had all been newly diag-
nosed with a clear pathological diagnosis of
CESC and had not undergone any treatment
before surgery. All human studies were
approved by the Ethics Committee of The
Second Hospital of Jilin University, and all par-
ticipants provided written informed consent.

Immunohistochemical (IHC) analysis

An IHC kit (ThermoFisher, USA) was used, in
accordance with the provided instructions.
Briefly, 4-um tissue sections were prepared,
deparaffinized using xylene, rehydrated in an
ethanol gradient, and treated with 3% H,O,.
Antigen retrieval was subsequently conducted
at room temperature (RT). Sections were
blocked in 5% BSA for 0.5 h at RT, incubated
overnight with an anti-TPM3 primary antibody
(Abcam, UK) at 4°C, probed for 0.5 h with a
secondary antibody, and visualized with DAB.
The sections were then counterstained with
hematoxylin, dehydrated in an ethanol gradi-
ent, fixed in neutral resin, and imaged under
light microscopy.

Western immunoblotting

Tissues were lysed with RIPA buffer (Solarbio,
China) and the proteins were separated on 10%
SDS-PAGE (Beyotime, China) using a Bio-Rad
electrophoresis system (USA) at 200 V for 40
minutes. The proteins were then transferred to
PVDF membranes (Millipore, USA) at 400 mA
for 30 minutes. Following blocking, the mem-
branes were incubated overnight at 4°C with
anti-TPM3 or anti-tubulin antibodies (Abcam,
UK) and incubated for 2 h at RT with appropri-
ate secondary antibodies. Visualization was
done using a BeyoECL Plus Kit (Beyotime,
China). The grayscale densities of the protein
bands from the clinical samples were mea-
sured using ImageJ v1.8.0 to ascertain protein
expression levels, with subsequent statistical
analysis.

Cell culture and transfection

HelLa cells (Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences) were
cultured in DMEM (Hyclone, USA) containing
10% fetal bovine serum (FBS) (Gibco, USA) in a
5% CO, 37°C incubator. TPM3 was knocked
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down by transfection of cells with si-NC or si-
TPM3 constructs (Genepharma, China) using
Lipofectamine 3000 (Invitrogen, USA) and cul-
tured for a further 48 h. The sequences of si-
TMP3 were as follows: forward (F): 5’-UAAGA-
AUCUUGAUUUCUUCCU-3', reverse (R): 5-GAA-
GAAAUCAAGAUUCUUACU-3.

Real-time quantitative PCR (RT-qPCR) assays

Total RNA was extracted from transfected cells
and xenograft tumors in all groups using TRIzol
reagent (Tiangen, China), and cDNA was syn-
thesized using a First Strand cDNA Synthesis
Kit (TakaRa Bio, Japan). RT-qPCR was per-
formed on an ABI PRISM 7000 Sequence
Detection System (Thermo Fisher, USA). The
primer sequences for TPM3 were as follows: F:
5-TGAAAACCGGGCCTTAAAAGAT-3’, R: 5’-GATC-
ACCAACTTACGAGCCAC-3'. GAPDH was used as
an internal control, and the 22T method was
used for the calculation of the relative expres-
sion of TPM3 mRNA.

Cell counting kit-8 (CCK-8) assays

Following transfection, HelLa cells were seeded
in 96-well plates (1x10° cells/mL) and allowed
to grow for 48 h. Cell viability was measured
with a CCK-8 kit (Meilunbio, China), according
to the provided instructions, and absorbances
at 450 nm were measured in a Bio-Rad model
550 microplate reader.

Colony-forming assays

Cells were seeded in 6-well plates (500 cells/
well) and cultured for 48 h, after which they
were treated with appropriate concentrations
of ATO (2 uM for Hela cells). After one week,
the cells were fixed using 4% paraformalde-
hyde (Beijing Chemical Plant, China), stained
with 2% crystal violet (Beyotime, China), and
visible colonies (= 50 cells per clone) were
counted under a microscope.

Wound-healing assay

After transfection, HelLa cells were grown to
80% confluence in 6-well plates, after which a
straight scratch was generated with a pipette.
Cells were imaged at 0 and 24 h post-wounding
to measure migration using Image) software
with the formula: cell migration index = (O h
scratch area - 24 h scratch area)/O h scratch
area.
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Transwell assays

Transfected Hela cells were added to the
upper portion of Matrigel (Corning, USA)-coated
Transwell inserts in serum-free media. MEM
supplemented with 10% FBS was placed in the
lower chamber. After incubation for 24 h, the
invasive cells were fixed with 4% paraformalde-
hyde (Beijing Chemical Plant, China) and
stained with Giemsa stain (Phygene, China).
The invasive cells in five randomly selected
fields of view were counted under light micros-
copy (100x).

In vivo xenograft model

All animal studies were approved by The Animal
Care and Use Committee at the College of
Basic Medicine of Jilin University and were con-
ducted per NIH standards. A transfection kit
(Genepharma, China) was used to transfect
TMP3 shRNA (sh-TPM3) or the shRNA negative
control (sh-NC) into Hela cells to generate
stably transfected cell lines. The sh-TMP3
sequences were as follows: F: 5'-CCGGCAAG-
ATTCTTACTGATAAACTCTCGAGAGTTTATCAGTA-
AGAATCTTGTTTTTG-3". Seven-week-old BALB/
cA-nu mice (18-20 g) (Beijing Vital River
Laboratory Animal Technology, China) received
subcutaneous implanation of the transfected
HelLa cells (1x10” cells/mouse). The sh-TPM3
and sh-NC groups included three mice each.
After 27 days, the mice were euthanized, and
the tumors were excised, imaged, and weighed.
Tumor volumes were calculated as (length x
width?)/2. A 4% tissue fixative solution was
used to fix tumors before hematoxylin & eosin
(H&E) and IHC staining.

Identification and analysis of differentially ex-
pressed genes (DEGS)

DEGs related to TPM3 were identified using the
LinkedOmics database and data from CESC
patients in the TCGA database. The results
were used to compile volcano plots, and DEGs
were identified as genes exhibiting a fold-
change > 1.5 and an FDR-corrected P-value <
0.05. A heatmap was additionally constructed
by incorporating the 50 top up- and down-regu-
lated DEGs. The functions of the DEGs were
analyzed by Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG)
enrichment.
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Assessment of immune infiltration

Single-sample Gene Set Enrichment Analysis
(GSEA) was used to evaluate the infiltration of
24 types of immune cells and the expression
of immune checkpoint molecules, including
LAG3, CTLA4, TIGIT, SIGLEC15, HAVCR2, CD-
274, PDCD1, and PDCD1LG2, using the “GSVA”
package in R. The associations of immune infil-
tration and checkpoint expression with TPM3
expression in patients were analyzed.

Chemosensitivity analyses

The Genomics of Drug Sensitivity in Cancer da-
tabase (https://www.cancerrxgene.org/) was
used to predict the response of patients with
CESC to chemotherapy using the R “pRRophet-
ic” package. A ridge regression approach was
used to calculate the half-maximal inhibitory
concentration (IC,) values for individual sam-
ples, with all analytical parameters at their
default values.

Analysis of genetic alterations and methylation

Alterations in the TPM3 gene included in the
TCGA (Firehose Legacy and PanCancer Atlas)
database were assessed using cBioPortal
(www.cbioportal.org). Differences in survival
outcomes were compared with Kaplan-Meier
plots and log-rank tests. The MethSurv data-
base (biit.cs.ut.ee/methsurv/) was used to
obtain data on methylation, and the associa-
tion between the methylation of individual
TPM3 CpG residues and survival was assessed.

Statistical analysis

All data in the study were the result of three
replicates. R v3.6.1 was used for statistical
analyses. Between-group comparisons were
made with the Wilcoxon test, while receiver
operating characteristic (ROC) curves were con-
structed with pROC software to assess the
significance of TPM3 expression levels. Chi-
square tests were used to analyze associations
between TPM3 levels and clinical parameters
in CESC patients. Overall survival (0S) was
compared between groups using Kaplan-Meier
curves and log-rank tests. Univariate and
multivariate Cox regression analyses were
used to assess prognostic indicators in CESC.
Chemosensitivity was tested based on analy-
ses of IC,, values. Bar graph and box plot error
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bars were used to indicate standard deviations
(SDs). P-values < 0.05 were considered statisti-
cally significant.

Results

Assessment of the cancer expression profile of
TPM3

TPM3 expression was initially assessed across
all cancers in the TIMER 2.0 database, indicat-
ing its overexpression in BLCA, BRCA, CESC,
CHOL, ESCA, HNSC, KIRC, KIRP, LIHC, LUAD,
LUSC, STAD, THCA, and UCEC, and downregula-
tion in COAD and KICH (Figure 1A). Higher
TPM3 expression was evident in CESC patient
tumors relative to healthy tissues (P < 0.001)
(Figure 1B) and TPM3 expression was found to
be correlated with clinical parameters, includ-
ing histological tumor type and grade (P < 0.05)
(Figure 1C-l). In contrast, TPM3 levels were
found to be unrelated to patient age or tumor T,
N, M, or clinical stages (P > 0.05). Both IHC and
Western immunoblotting also confirmed the
upregulation of TPM3 in tumors compared to
corresponding control samples (Figure 1J, 1K).
Statistical analysis of Western immunoblotting
revealed that the expression of TPM3 in tumor
samples was higher than that in control sam-
ples (P < 0.0001) (Figure 1K), in line with the
TCGA database results.

Assessment of the association between TPM3
expression and CESC patient clinical findings

The CESC patients in the TCGA database were
divided into two groups according to the level
of TPM3 expression (high or low) and clinical
characteristics such as age, TNM classification,
G classification, and clinical classification were
then compared between these subgroups
(Table 1). This showed a significant association
between TPM3 mRNA levels and both his-
tological type and grade (P = 0.0212 and P =
0.0390, respectively).

TPM3 offers diagnostic utility in CESC

ROC curves were subsequently constructed
based on TPM3 expression in CESC (Figure
2A), revealing a calculated area under the curve
(AUC) value of 0.946, consistent with superior
diagnostic utility. Similarly, the AUC values for
specific CESC tumor stages were generated,
with respective values of 0.948, 0.957, 0.944,
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Figure 1. TPM3 mRNA levels in the TCGA database. (A) TPM3 expression was assessed in pan-cancer analyses of

tumor and non-tumor samples in the TIMER 2.0 database. (B) TPM3 mRNA expression in CESC and healthy control

tissues. (C-I) The associations between TPM3 mRNA expression and clinicopathological parameters of CESC pa-

, K) TPM3 expression

was assessed via IHC staining (x200 and x400) (J) and Western immunoblotting (K) in pairs of CESC tumor and

tients, including age, histologic grade, TNM staging, clinical staging, and histological type. (J
paracancerous tissues. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Table 1. Correlative relationships between the expression of TPM3 and CESC patient clinical charac-

teristics
TPM3 mRNA expression
Characteristics Variable No. of patients Characteristics P value
Low, n (%) High, n (%)
Age <50 188 86 (28.1%) 102 (33.3%) 0.0602
> 50 118 67 (21.9%) 51 (16.7%)
Weight <70 138 70 (25.3%) 68 (24.5%) 0.8568
>70 139 69 (24.9%) 70 (25.3%)
Pathologic T stage T1 140 71 (29.2%) 69 (28.4%) 0.7932
T2 72 40 (16.5%) 32 (13.2%)
T3 21 11 (4.5%) 10 (4.1%)
T4 10 4 (1.6%) 6 (2.5%)
Pathologic N stage NO 134 70 (35.9%) 64 (32.8%) 0.8541
N1 61 31 (15.9%) 30 (15.4%)
Pathologic M stage MO 116 63 (24.6%) 53 (20.7%) 0.8191
M1 11 6 (2.3%) 5 (2%)
MX 129 65 (25.4%) 64 (25%)
Clinical stage Stage | 162 80 (26.8%) 82 (27.4%) 0.8838
Stage Il 69 33 (11%) 36 (12%)
Stage Il 46 25 (8.4%) 21 (7%)
Stage IV 22 10 (3.3%) 12 (4%)
Histological type Adenocarcinoma 47 32 (10.5%) 15 (4.9%) 0.0212
Adenosquamous 6 2 (0.7%) 4 (1.3%)
Squamous cell carcinoma 253 119 (38.9%) 134 (43.8%)
Histologic grade G1 19 13 (4.7%) 6 (2.2%) 0.0390
G2 135 75 (27.4%) 60 (21.9%)
G3 119 51 (18.6%) 68 (24.8%)
G4 1 0 (0%) 1 (0.4%)
and 0.919 for stage |, Il, lll, and IV disease cal stage (P < 0.001), as well as TPM3 expres-

(Figure 2B-E). The TPM3 level could also differ-
entiate between early and late CESC stages
(AUC: 0.504 for stage I/1l vs stage IlI/IV) (Figure
2F).

The prognostic relevance of TPM3 in CESC

The prognostic significance of TPM3 mRNA
levels in CESC was further assessed using
Kaplan-Meier survival curves, showing that
TPM3 overexpression corresponded with poor-
er OS (P = 0.045) (Figure 3A). Subgroup analy-
ses also demonstrated a connection between
TPM3 expression and OS in younger individuals
(P=0.02), NO stage (P = 0.034), and MO stage
patients (P = 0.015). However, no correlations
were detected in the other subgroups (P > 0.05)
(Figure 3B-M). Univariate analyses indicated
that reduced OS was significantly linked with T
(P<0.001), N (P<0.01), M (P<0.05),and clini-
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sion (P < 0.01). Subsequent multivariate analy-
ses confirmed that the T stage was indepen-
dently associated with prognosis in CESC
patients (hazard ratio = 4.405, P < 0.05) (Table
2).

Functional verification of the in vitro and in
vivo role of TPM3 in CESC

Next, TPM3 silencing was performed in HelLa
cells using siRNA and shRNA, and the silencing
efficiency was confirmed by RT-qPCR and
Western immunoblotting (Figures 4A and 5A).
The CCK-8 and colony-forming assays indicat-
ed TMP3 knockdown reduced cellular prolifera-
tion compared with cells transfected with the
control constructs (P < 0.0001 and P < 0.01,
respectively) (Figure 4B, 4C). Loss of TPM3
expression also reduced migration (P < 0.001)
(Figure 4D) and invasion in these cells (P <

Am J Cancer Res 2023;13(7):3123-3139
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Figure 2. ROC curve analyses of TPM3 in patients with CESC. Comparisons are shown between normal samples and
(A) tumors, (B) stage | tumors, (C) stage Il tumors, (D) stage Ill tumors, (E) stage IV tumors, and (F) stage I/l against
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0.001) (Figure 4E). Consistently, in vivo xeno-
graft experiments revealed that on day 27 after
cell implanation, the tumor weights in the sh-
NC and sh-TPM3 groups were 355.07 + 56.20
mg and 183.10 + 0.61 mg (P < 0.01) (Figure
5B, 5C), and the tumor volumes were 611.44 +
17.66 mm?® and 331.71 + 36.56 mm?® (P <
0.001) (Figure 5D). Histologic analysis showed
a lower degree of malignancy in TPM3 knock-
down tumors (Figure 5E). Additionally, RT-gPCR
and IHC results indicated markedly reduced
TPM3 expression in the TPM3-knockdown
tumors (Figure 5F, 5G).

Functional analyses of TPM3-related DEGs

Genes associated with TPM3 expression were
identified using the LinkedOmics database. Of
these, 3011 and 88 DEGs were positively and
negatively associated, respectively, with TPM3
expression (Figure 6A). The 50 top positively
and negatively correlated genes were used to
construct a heatmap (Figure 6B). KEGG path-
way and GO enrichment analyses were used to
assess their potential involvement in specific
molecular and biological processes. The KEGG
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analysis demonstrated that the DEGs partici-
pated mainly in the PI3K-Akt, HPV infection,
focal adhesion, regulation of actin cytoskele-
ton, and proteoglycans in cancer signaling
pathways. The GO analysis revealed that these
genes were significant players in processes
involving organelle fission, histone modifica-
tion, covalent chromatin modification, chromo-
some segregation, nuclear division, and Ras
protein signal transduction (Figure 6C).

TPM3 levels are associated with tumor im-
mune cell infiltration

Subsequent analyses were carried out to
explore the correlation between TPM3 expres-
sion and immune cell infiltration of tumors in
CESC patients. A positive association was de-
tected between levels of TPM3 and tumor infil-
tration by aDC (P = 0.008), macrophages (P =
0.035), neutrophils (P < 0.001), NK CD56dim
cells (P =0.010), T helper cells (P = 0.005), Tgd
(P < 0.001), and Th2 cells (P < 0.001). Con-
versely, TPM3 expression was inversely corre-
lated with infiltration by NK cells (P = 0.023)
and pDC (P = 0.001) (Figure 7A, 7B). To evalu-

Am J Cancer Res 2023;13(7):3123-3139



TPM3: a novel prognostic biomarker of cervical cancer

A 104 TPM3 B Age: <=50 C Age: >50 D T stage: T1&T2
—— Low . 1.04 TPM3
—+— High ~+ Low
0.8 —+ High
2 > > . 08
8 06 2 3 3 L
o L—H—H—o—r Q o 8 064 —H -+
s ° o [}
= Q Q. Q.
2 044 ® ® T 044
I 2 =3 2o
=1 I 1< c
7] 5 5 5
02+ P 02 @ ? 02
Overall Survival Overall Survival Overall Survival Overall Survival
HR = 1,62 (1.01-259) HR =217 (1.13-4.18) HR = 1.39 (0.69-2.77) HR = 1.83 (0.94-3.57)
0.0 P=0045 00 P=002 0.0 P=03s4 0.0 P=o0077
T T T T T T T T T T T T T T T T T T T
0 50 100 150 200 0 50 100 150 0 50 100 150 200 0 50 100 150 200
Time (months) Time (months) Time (months) Time (months)
E T stage: T3&T4 F N stage: NO G N stage: N1 H M stage: MO
1.0 4 TPM3 1.04 TPM3 1.04 TPM3 1.04 TPM3
—— Low —— Low — Low — Low
—— High — High ~— High ~— High
- -, 0.8 -, 0.8 -, 0.8
: : : :
8 8 064 8 061 8 061
IS S [ IS
a aQ a a
3 T 04 ] T 04 T 04
2 2 I 2
@ @ @ @
029 overall suvival 927 overal sunvival 029 overall survival 029 ouerall survival
HR = 0.93 (0.33-2.67) HR = 3.19 (1.00-9.32) HR = 1.34 (0.51-3.47) HR = 3.62 (1.28-10.21)
0.0 4 P =0.897 0.0 4 P=0.034 0.0 4 P =0.553 0.0 4 P=0.015
o 50 100 150 200 0 50 10 150 200 o 3 6 % 120 o 50 100 150 200
Time (months) Time (months) Time (months) Time (months)
| M stage: M1 J Clinical stage: Stage 1&Stage II K Clinical stage: Stage Ill&Stage IV L Histologic grade: G1&G2
1.0 TPM3 1.0 M3 1.0 TPM3 1.0 TPM3
—— Low ~— Low — Low — Low
—— High — High —— High —— High
-, 0.8 -, 0.8 -, 0.8 -, 0.8
3 3 3 3
8 06 8 06 et 8 06+ 8 06+
o o o o
S S s S
S 04+ S 044 S 04+ S 04+
2 1< I c
@ @ @ @
029 overall suvival 027 overall suvival 02 overal survival 02 overal survival
HR = 0.43 (0.04-4.37) HR = 174 (0.97-3.13) HR = 1.42 (0.63-3.18) HR = 1.60 (0.84-3.07)
004 P=0472 0.0 P=0064 0.04 P=0395 0.0 P=0156
T T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (months) Time (months) Time (months) Time (months)
M Histologic grade: G3&G4
1.0 4 TPM3
~+ Low
—— High
0.8 4 . . e .
£ Figure 3. Analysis of the association between TPM3 expression and CESC
8§ o064 patient survival. A. Kaplan-Meier curves were used to assess OS outcomes in
s CESC patients in the TCGA database. B-M. Survival subgroup analyses were
S 0.4 . . . .
5 performed based on CESC patient age, histologic grade, TNM staging, and
5
a . .
02 et sunva clinical staging.
HR = 1.32 (0.57-3.06)
004 P=0517

T T T T
0 50 100 150
Time (months)

ate the predictive capacity of TPM3 to immuno-
therapy response, the correlation between
TPM3 expression and immune checkpoints
was examined. This showed a positive associa-
tion between TPM3 expression and the expres-
sion of CD274 and PDCD1LG2 (P = 4.70e-02
and P = 9.96e-03, respectively) (Figure 7C).

TPM3 expression is linked with CESC patient
chemotherapeutic sensitivity

Chemotherapy remains the standard approach
to treating advanced CESC cases using Bleo-
mycin, Cisplatin, Docetaxel, Gemcitabine, Me-
thotrexate, Mitomycin C, and Paclitaxel. Accor-
dingly, the IC,, values for these drugs were
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compared in different patient groups to gauge
chemosensitivity. It was found that patients
expressing high TPM3 levels showed reduc-
ed IC,, values for Bleomycin (P = 1.4e-09),
Cisplatin (P = 0.0027), Docetaxel (P = 7.1e-08),
Gemcitabine (P = 6.1e-09), Methotrexate (P =
1.4e-05), and Paclitaxel (P = 7.5e-06), whereas
these values were not significantly altered for
Mitomycin C (P = 0.1) (Figure 8A-G).

CESC is associated with altered TPM3 gene
methylation

Alterations in the TPM3 gene were next ana-
lyzed in CESC patient samples using two data-
bases (Figure 9B), revealing a 2.7% prevalence
rate of TPM3 genetic alterations (Figure 9A).
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Table 2. Univariate and multivariate analyses of OS in CESC patients

o Univariate analysis Multivariate analysis
Characteristics - -
Hazard ratio 95% ClI P value Hazard ratio 95% ClI P value

Age 1.289 0.810-2.050 0.287
T stage 3.863 2.072-7.201 <0.001 4.405 1.005-19.314 < 0.05
N stage 2.844 1.446-5.593 <0.01 1.779 0.638-4.964 0.271
M stage 3.555 1.187-10.641 <0.05 0.000 0.000-Inf 0.998
Clinical stage 2.369 1.457-3.854 <0.001 0.527 0.094-2.972 0.468
Histological type 1.033 0.543-1.969 0.920
Histologic grade 0.866 0.514-1.459 0.589
TPM3 2.147 1.205-3.826 <0.01 2.646 0.795-8.802 0.113
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These were found to be unrelated to patient
survival outcomes when comparing individuals
that did and did not harbor these mutations (P
= 0.319) (Figure 9C). Lastly, TPM3 methylation
was explored using the MethSurv tool to exam-
ine the prognostic relevance of specific CpG
residues. This ultimately identified 17 key CpG
residues, the most highly methylated of which
was c¢g03830929 (Figure 9D). Notably, 5 of
these CpG residues were found to be related to
CESC patient prognosis. Specifically, high levels
of cg00155429 (HR = 1.67, P = 0.0369), cg-
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Figure 5. TPM3 knockdown suppresses tumor growth in
CESC models. The transfection efficiency of sh-TMP3 was
measured by RT-gPCR and Western immunoblotting (A).
Tumor size (B), weight (C), volume (D), histological grading
(%200 and x400) (E), and TPM3 mRNA (F) and histologi-
cal expression (x200 and x400) (G) were detected. Re-
sults are means + SD. **P < 0.01, ***P < 0.001, ****p
< 0.0001.

13188812 (HR = 1.994, P = 0.0050), cg13-
740187 (HR = 1.907, P = 0.0358), and cg-
25107608 (HR = 1.77, P = 0.0202) methylation
were tied to poorer CESC patient OS (Table 3).
In contrast, high levels of cg10890570 (HR =
0.502, P = 0.0068) led to better CESC patient
0sS.

Discussion

With the rapid development of genome
sequencing technology, the cost of sequencing
has decreased, and the sequencing throughput
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has increased, leading to the wide application
of next-generation sequencing. The reliable
transformation of this big-data information is of
inestimable clinical significance for the guid-
ance of patient treatment [13]. Nowadays, with
the help of various bioinformatics tools, there
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has been an increase in the number of report-
ed candidate molecules with potential prognos-
tic value for CESC [14, 15]. Biomarkers with
prognostic value can monitor tumor recurrence
and evaluate prognosis, which is conducive to
the individualized treatment of CESC patients.
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The present study used comprehensive data mine the potential prognostic and therapeutic
mining and bioinformatics analyses to deter- value of potential biomarkers for CESC.
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The EMT is a process that occurs under specific
physiological or pathological circumstances in
which polar epithelial cells transform into highly
active, mobile mesenchymal cells that can nav-
igate freely within cellular matrices [16]. There
is a strong correlation between the EMT and
cancer cell invasion and metastasis. In early-
stage tumors, the onset of the EMT triggers
alterations in cell structure and the expression
levels of intercellular junction molecules, nota-
bly E-cadherin. As E-cadherin functions as a cell
adhesion molecule, its loss removes an obsta-
cle to cell migration and metastasis and is thus
an initial step in the progression of tumor cell
de-differentiation and invasion [17].

Recent research has shown that TPM3 s
involved in the genesis and development of
tumors in non-muscle tissues. Choi et al. and
Tao et al. confirmed that TPM3 overexpression
could facilitate cancer invasion and metastasis
in primary liver cancer and glioma, respectively,
and was related to the upregulation of EMT-
associated signaling [18, 19]. Elevated expres-
sion of TPM3 can also significantly increase the
risk of primary liver cancer [20]. Glioma and
liver cancer patients with high expression lev-
els of TPM3 often have poor prognosis [8, 19].
In hepatocellular carcinoma cell lines, amplifi-
cation of TPM3 can lead to an upregulation of
the EMT and downregulation of E-cadherin, ulti-
mately leading to the migration and invasion of
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hepatocellular carcinoma and worse prognosis
[18].

Chromosomal structural translocations, ensu-
ing gene rearrangements, and fusions are
acknowledged as pivotal steps in the activation
of proto-oncogenes. TPM3 can form fusion
genes with other genes, inducing alterations in
the cytoskeleton, thereby facilitating cell move-
ment and metastasis and ultimately promoting
tumor progression [21]. The fusion gene TPM3-
ALK, a consequence of chromosomal translo-
cation (1, 2) (925, p23), has been associated
with the development of anaplastic large-cell
lymphoma [22, 23]. In NIH3T3 cells, the TPM3-
ALK fusion gene stimulated an increase in both
cell proliferation and invasive capacities [24]. A
mouse model of B-cell leukemia also demon-
strated the presence of the TPM3-ALK fusion
gene, the effects of which could be mitigated
by an ALK inhibitor [25]. TPM3/NTRK1 and
TPM3/PDGFRB gene recombinations have
been implicated in the pathogenesis of papil-
lary thyroid carcinoma and chronic eosinophilic
leukemia, respectively [26, 27]. Furthermore,
TPM3 has been shown to interact with various
genes such as those encoding receptor tyro-
sine kinases, platelet-derived growth factor
receptor beta, anaplastic lymphoma receptor
tyrosine kinase, and neurotrophic receptor tyro-
sine kinase 1 to form fusion genes, thereby
contributing to tumor development [28-30].
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Figure 9. Changes in TPM3 genetic sequences and methylation status in CESC patients. A. A visual summary of
TPM3 alterations produced using OncoPrint. B. A summary of CESC-related TPM3 variations from the TCGA, Fire-
hose Legacy, and TCGA PanCancer Atlas databases. C. The OS of patients that did and did not harbor alterations in
the TPM3 gene sequence was compared with Kaplan-Meier plots. D. TPM3 methylation and expression levels were

assessed.

The above findings underscore the need to
assess TPM3 as a regulator of oncogenesis,
tumor progression, and prognostic outcomes.
Therefore, we explored the role of TPM3 in
CESC in this research, which has not been pre-
viously undertaken. TPM3 overexpression was
detected in CESC tumors relative to healthy tis-
sues and was verified in a separate set of clini-
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cal samples. TPM3 levels could also effecti-
vely differentiate among stages of CESC, con-
sistent with its biomarker utility. High TPM3 lev-
els were also associated with poorer patient
0S, and in vitro and xenograft experiments
supported the role of TPM3 as a pro-oncogenic
factor, further solidifying its importance in this
cancerous setting.
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Table 3. The relationship between hypermethylation

levels and CESC patient prognostic outcomes

Name HR  Pvalue
1st Exon; 5’UTR; Body-Island-cg00155429 1.67 0.0369
TSS1500-Open_Sea-cg00950004 0.677 0.1922
TSS1500-Open_Sea-cg03830929 0.753 0.3282
TSS200; Body-Island-cg05145454 0.668 0.0951
Body-Island-cg05392792 1.199 0.4450
Body-Island-cg07705912 1.183 0.4776
Body-N_Shore-cg10890570 0.502 0.0068
TSS1500-Open_Sea-cg12205230 0.689 0.1192
TSS1500; Body-S_Shore-cg13188812 1.994 0.0050
TSS200-Open_Sea-cg13740187 1.907 0.0358
TSS1500; Body-S_Shore-cg16262756 1.162 0.6260
Body-N_Shelf-cg16289421 0.636 0.0599
TSS1500-Open_Sea-cg16586406 0.789 0.4147
Body-Open_Sea-cg24490338 0.798 0.3496
TSS1500; Body-Island-cg24546083 0.658 0.1031
1st Exon; 5’UTR; Body-Island-cg25107608  1.77 0.0202
TSS1500-Open_Sea-cg27313201 1.441 0.2219

Key co-expressed genes were identified and
subjected to functional enrichment analyses to
better define the functional roles of TPM3 in
the progression of CESC. Significant enrich-
ment was observed in several KEGG pathways,
including the PI3K-Akt pathway. As one of the
important signal transduction pathways in
cells, the PI3K-Akt signaling pathway plays a
key role in promoting cell proliferation and
inhibiting apoptosis in vivo by affecting the acti-
vation status of various downstream effectors,
which is closely related to the occurrence and
development of various malignancies [31].
Focal adhesions are complex collections of
plasma membrane-related macromolecules
that connect the actin cytoskeleton to integrins
on the cell surface and establish links to the
extracellular matrix (ECM). Focal adhesions
generate traction and convert signals to drive
cell migration through adhesion and changes in
molecular interactions during cell maturation.
The loss or change of any of the above process-
es will reduce the ability of cells to remain in
place, one of the most important factors lead-
ing to tumor metastasis [32]. Proteoglycans are
important molecular effectors on the cell sur-
face and the microenvironment surrounding
cells and belong to the non-collagen compo-
nents of the ECM. They can interact with recep-
tors and ligands that regulate carcinogenesis
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and angiogenesis and participate in
tumorigenesis and angiogenesis [33].
Besides, HPV infection is the most impor-
tant exposure factor associated with
CESC. The processes identified in the GO
analysis were related to epigenetic modi-
fication and changes in chromosome
structure. We speculate that this may be
involved in epigenetic abnormalities in
the development of CESC and the TPM3
fusion gene due to variations in chromo-
somal structure. Accordingly, high TPM3
expression levels may partly shape CESC
progression through these pathways.

In recent years, the tumor microenviron-
ment (TME) has become a hot research
topic in cancer research. Immune cell
subsets, including T cells, macrophages,
NK cells, and dendritic cells, interact with
tumor cells either according to their func-
tions or through the expression and

secretion of inhibitory molecules to main-
tain the immunosuppressive character of
the TME, thereby affecting the occurrence,
development, invasion, and metastasis of
tumors. Therefore, it is of great significance to
study the TME of CESC. Focusing on the com-
ponents and inhibitory characteristics of the
CESC TME is expected to provide new ideas
and directions for the immunotherapy of CESC
[34]. Here, TPM3 expression was found to be
positively correlated with tumor infiltration by
aDC, macrophages, neutrophils, NK CD56dim
cells, T helper cells, Tgd, and Th2 cells, and
negatively correlated with NK cells and pDC. In
addition, patients showing TPM3 overexpres-
sion had upregulated expression of the classi-
cal immune checkpoint molecules CD274 and
PDCD1LG2. Accordingly, we speculate that
TPM3 expression is highly correlated with
immune infiltration in the TME of CESC. When
TPM3 is abnormally expressed, it may disrupt
the immune homeostasis of the TME, resulting
in tumor immune escape.

Unrestrained tumor cell growth is a hallmark of
cancer that results from oncogenic driver muta-
tions. TPM3 mutations were detected in just
2.7% of all CESC patients. However, recent
studies have found that epigenetic changes in
gene methylation also have significant value as
cancer-related biomarkers, with many DNA-
related research findings having aided efforts
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to diagnose, evaluate, or treat specific tumor
types [35, 36]. Accordingly, key CpG residues
that were methylated in a manner associated
with CESC patient prognosis were identified in
the present study.

In summary, in this study, TPM3 expression
was identified as a key biomarker associated
with CESC patient outcomes, with especial rel-
evance in the context of immunotherapeutic
treatment. These results will provide a valuable
basis for further efforts to define the major
pathways governing CESC tumor malignancy
and progression, supporting the development
of novel targeted therapies.
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