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Abstract 

Background  Cancer-testis antigens (CTAs) are often expressed in tumor and testicular tissues but not in other 
normal tissues. To date, there has been no comprehensive study of the expression and clinical significance of CTA 
genes associated with endometrial cancer (EC) development. Additionally, the clinical relevance, biological role, and 
molecular mechanisms of the CTA gene TTK protein kinase (TTK) in EC are yet to be fully understood.

Methods  Using bioinformatics methods, we comprehensively investigated the genomic, transcriptomic, and epige-
netic changes associated with aberrant TTK overexpression in EC samples from the TCGA database. We further inves-
tigated the mechanisms of the lower survival associated with TTK dysregulation using single-cell data of EC samples 
from the GEO database. Cell functional assays were used to confirm the biological roles of TTK in EC cells.

Results  We identified 80 CTA genes that were more abundant in EC than in normal tissues, and high expression 
of TTK was significantly linked with lower survival in EC patients. Furthermore, ROC analysis revealed that TTK could 
accurately distinguish stage I EC tissues from benign endometrial samples, suggesting that TTK has the potential to 
be a biomarker for early EC detection. We found TTK overexpression was more prevalent in EC patients with high-
grade, advanced tumors, serous carcinoma, and TP53 alterations. Furthermore, in EC tissue, TTK expression showed a 
strong positive correlation with EMT-related genes. With single-cell transcriptome data, we identified a proliferative 
cell subpopulation with high expression of TTK and known epithelial–mesenchymal transition (EMT)-related genes 
and transcription factors. When proliferative cells were grouped according to TTK expression levels, the overexpressed 
genes in the TTKhigh group were shown to be functionally involved in the control of chemoresistance. Utilizing shRNA 
to repress TTK expression in EC cells resulted in substantial decreases in cell proliferation, invasion, EMT, and chemore-
sistance. Further research identified microRNA-21 (miR-21) as a key downstream regulator of TTK-induced EMT and 
chemoresistance. Finally, the TTK inhibitor AZ3146 was effective in reducing EC cell growth and invasion and enhanc-
ing the apoptosis of EC cells generated by paclitaxel.
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Conclusion  Our findings establish the clinical significance of TTK as a new biomarker for EC and an as-yet-unknown 
carcinogenic function. This present study proposes that the therapeutic targeting of TTK might provide a viable 
approach for the treatment of EC.

Keywords  Cancer biomarker, Cancer diagnosis, Prognostic marker, TTK, microRNA-21, EMT, Endometrial cancer

Introduction
Endometrial cancer (EC) is a prevalent type of cancer 
affecting women globally. According to statistics from 
2020, there were approximately 417,000 new cases and 
97,000 deaths of EC reported, ranking it as the sixth most 
common cancer among women [1]. Despite the favora-
ble prognosis for patients with early-stage tumors, who 
have a 5-year survival rate of more than 75%, advanced 
EC has a poorer prognosis with a 5-year survival rate of 
only 20–26% for stage advanced EC patients [2]. This 
highlights the importance of comprehending the molecu-
lar processes of EC and identifying sensitive and specific 
markers for early detection, prognostic prediction, per-
sonalized treatment, and ultimately, improved patient 
outcomes.

Current standard first-line chemotherapy for EC relies 
heavily on the combination of carboplatin and pacli-
taxel. It can achieve remission ratios of 43–62% [3], 
which implies that 40–60% of individuals continue to 
demonstrate chemoresistance, significantly decreasing 
their survival. Resistance to chemotherapeutic medi-
cines necessitates the development of novel methods 
for enhancing their sensitivity. Cancer cells that undergo 
epithelial-mesenchymal transition (EMT) acquire mes-
enchymal features, immune evasion, cancer stem cell 
maintenance, cancer metastasis, and chemoresistance 
[4]. Targeting EMT inducers, such as EZH2 and BMI-1, 
may prevent cancer metastasis and improve the effective-
ness of anti-cancer drugs [4, 5].

Cancer-testis antigen (CTA) is a wide family of cancer-
specific antigens that express proteins only in human 
germ line cells of the testis and a variety of human malig-
nancies [6]. CTA antigens have been discovered as poten-
tial biomarkers for cancer diagnosis and treatment due 
to their highly immunogenic, cancer-specific expression 
pattern [7]. Previously, CAGE, a CTA, was shown to be 
expressed in EC cell lines (Ishikawa and HEC-1), but not 
in normal melanocyte cell lines [8]. In addition, the pro-
tein expression of another CTA HIWI was detected in EC 
tissues by using immunohistochemistry [9]. A systematic 
investigation of the expression and clinical significance of 
CTA genes involved in EC development is yet lacking.

TTK is a CTA that plays a critical role in driving 
EMT and chemoresistance in human malignancies [10, 
11]. Pharmacological inhibition and genetic silencing 
of TTK not only reversed the EMT process, but also 

greatly reduced invasion in triple-negative breast can-
cer cells [10]. In ovarian cancer, knockdown or inhi-
bition of TTK expression was known to drastically 
restrict cell growth and eliminate cisplatin resistance 
[11]. TTK has been identified as a poor prognostic bio-
marker in EC by recent investigations [12]. Although 
a TTK inhibitor (NTRC0066-0) has been shown to 
greatly reduce the growth of the EC cells [13], the 
detailed cellular function of TTK in EMT and the pro-
gression of EC, as well as the significance of TTK inhib-
itors in the treatment of EC, remain unknown.

Molecular approaches, such as microarray gene 
expression profiling and next-generation sequenc-
ing, have dramatically improved genome-wide analy-
ses of tumor gene expression patterns and, as a result, 
have been widely used in developing new diagnostic, 
prognostic, and predictive biomarkers [14]. The Can-
cer Genome Atlas (TCGA) database has a wealth of 
large-scale gene expression data on gynecological 
malignancies. Current cancer biomarkers discovered 
by meta-analysis may be of little therapeutic use, per-
haps due to a lack of functional validation of biomarker 
genes.

The key questions that need to be resolved are: (1) the 
expression pattern of CTA genes in EC; (2) the function 
of TTK in the development of EC and drug resistance; 
(3) the molecular mechanisms by which TTK promotes 
the development of cancer and chemoresistance; and 
(4) the discovery of effective TTK inhibitors for the 
treatment of EC.

In this study, we sought to comprehensively exam-
ine the expression and prognostic significance of CTA 
genes involved in EC development. This research also 
characterized the cellular functions and underlying 
processes of TTK in regulating cell proliferation, inva-
sion, and paclitaxel (TX) chemoresistance. Finally, we 
attempted to give a theoretical basis for the future use 
of a combination of TX and a TTK inhibitor, AZ3146, 
in the treatment of EC. We discovered that several CTA 
genes (including TTK) were discovered to be overex-
pressed in EC tissues compared to normal tissues. TTK, 
as a new EC biomarker, has potential diagnostic and 
prognostic usefulness. We verified that TTK enhances 
EMT phenotypes and chemoresistance in EC cells by 
increasing microRNA-21 (miR-21) expression. TTK 
inhibition with AZ3146 increased EC cell apoptosis 
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induced by TX. Given the finding of TTK’s crucial role 
in generating EMT and chemoresistance, targeting 
TTK may be beneficial in treating EC patients.

Methods
Differential gene analysis and weighted gene 
co‑expression network analysis
Differential analysis was performed using Deseq2 [15] 
for RNAseq data (TCGA) and Limma for microar-
ray data (GSE17025) using log2|fold-change| > 1 and 
p_adjust < 0.05 as thresholds to filter differential genes. 
Based on WGCNA [16] package, the top 5,000 protein-
coding genes were used to construct a co-expression 
network by weighted correlation network analysis. After 
identifying co-expression modules, we identified the 
hub genes of the modules using thresholds of GS > 0.2 
and MM > 0.8. Weighted Gene Co-expression Network 
Analysis (WGCNA) package [16] (R package, version 
1.71) was used to construct a co-expression network 
based on the first 5000 protein-coding genes. The “pick-
SoftThreshold” function was employed to determine the 
optimal soft threshold for the module construction. The 
co-expression networks (modules) were formed using the 
“blockwiseModules” algorithm with a minimum size of 
25, a deepSplit of 3 and a mergeCutHeight of 0.25, after 
ensuring that the R-squared value reached 0.85.

Survival analysis and cox regression
The EC samples from TCGA were divided into two 
groups based on gene expression: high expression and 
low expression. This division was performed by using 
either the median expression of a specific gene or the 
median average expression of all genes in a module as the 
dividing line. The survival package was utilized to plot 
the Kaplan–Meier (KM) curves and compare the sur-
vival risk between the two risk groups. Univariate Cox 
proportional risk regression analysis of survival data for 
each differential gene between the CTA​high and CTA​low 
groups was performed using the coxph function of the 
survival (R package) with a significance threshold set at 
p.adjust < 0.05. Finally, 3 CTA genes with significantly dif-
ferent expressions related to prognosis were found. The 
gene expression was normalized to Transcripts Per Mil-
lion (TPM) values before performing the survival analysis 
and cox proportional hazard regression.

ROC analysis of the TTK gene
For the evaluation of the gene TTK’s performance as 
a classifier, a logistic regression model was fit due to 
the binary classification nature of the data. A classical 
Receiver Operating Characteristic (ROC) analysis was 
performed using the “roc” function of the pROC package 
[17] (version 1.16.2) in R, with the “smooth” parameter 

set to TRUE. The performance of the classifier was meas-
ured by the size of the Area Under the Curve (AUC).

Tumor immune estimation resource database
Differences in gene expression of TTK in pan-cancer and 
normal tissues were downloaded from the TIMER data-
base (https://​cistr​ome.​shiny​apps.​io/​timer/).

The human protein atlas database
The protein expressions of target genes in human normal 
tissues and tumor tissues were validated via the Human 
Protein Atlas (HPA, https://​www.​prote​inatl​as.​org/). 
Pathological images of immunohistochemical staining of 
target proteins and subcellular localization results can be 
downloaded from this website.

Mutational spectrum analysis
Based on the somatic mutation data (files in MAF for-
mat) of ECs in TCGA, we identified the significantly 
mutated genes (SMG) using MutsigCV [18] with a filter-
ing threshold of q-value < 0.1. Maftools [19] and GenVisR 
[20] programs were used to visualize SMGs.

Copy number variation analysis
GISTIC2 [21] was used to determine genes with signifi-
cant amplification or deletion. The parameter thresholds 
for fragments with amplification or deletion lengths were 
p-adjusted < 0.25. Maftools were used to visualize dra-
matically amplified or deleted fragments.

Differential methylation analysis
Using |Δβ| > 0.2 and p_adjust < 0.05 as thresholds to filter 
differentially methylated genes, 450K methylation micro-
array data from EC samples in TCGA were subjected 
to a differential methylation analysis using CHAMP (R 
package, version 2.20.1) [22]. For differentially expressed 
genes whose promoters were differentially methylated, 
we performed correlation analysis using the methylation 
levels of the differentially methylated positions (DMPs) 
with the expression of the corresponding genes.

Enrichment analysis
Functional enrichment: the clusterProfiler [23] and 
kobas3.0 packages were used for GSEA and KEGG 
enrichment analysis, respectively. Proliferative scoring 
for RNAseq and microarray data: the top 20 significantly 
highly expressed genes for proliferative cell subpopula-
tion analysis were screened according to log2FC. Single 
sample gene set enrichment analysis (ssGSEA) was per-
formed using the “gsva” function from the GSVA soft-
ware [24] (version 1.38.2) in R. The parameters for the 
analysis were set as follows: method as ssgsea, kcdf as 
Gaussian, and abs.ranking as TRUE.

https://cistrome.shinyapps.io/timer/
https://www.proteinatlas.org/
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Single‑cell transcriptome data processing
Single-cell expression matrices of 5 EC samples were 
downloaded from the GEO database (GSE173682). 
DoulbletFinder [25] (version 2.0.3) was applied to infer 
and remove doublets. Cells with > 15% of mitochondrial 
genes or < 200 or > 6000 expressed genes were considered 
doublets and removed. Besides, we also removed all ribo-
somal genes. We used Seurat 4.0.1 [26] (resolution = 1, 
PC = 1:30) to downscale and cluster single-cell expres-
sion data after removing batch effects using the harmony 
[27] package. Cell types were defined by using SingleR 
and classical cell markers. The Findallmarker function 
was used to identify highly expressed genes in each sub-
population with the following parameters: log2|fold-
change| > 0.25 and p_adj < 0.05.

Estimation of CNV analysis and malignant epithelial cell 
inference
Copy number variations (CNVs) were detected using 
the InferCNV software [28] (version 1.6.0) in R. The raw 
count matrix was used as input data, and the endothelial 
cells were used as the reference (normal). The “run” func-
tion was used to infer CNVs in the epithelial cells, with 
parameters set as cutoff as 0.1, cluster_by_groups, and 
denoise set as TRUE.

Cell culture
HEC-1 cells were received from the JCRB Cell Bank 
(Osaka, Japan), while Ishikawa cells were obtained from 
the American Type Culture Collection (Manassas, VA, 
USA). Benign endometrial epithelial cells (EM) were 
kindly provided by Dr. Satoru Kyo (Shimane University, 
Japan). These cells were maintained at 37 °C with 5% CO2 
in DMEM/F12 media (Sigma-Aldrich, St. Louis, MO, 
USA) containing 10% fetal bovine serum (FBS, Thermo 
Fisher Scientific, Carlsbad, CA, USA) and 100 g/ml Nor-
mocin (Invivogen, San Diego, CA, USA).

RNA extraction and real‑time quantitative PCR
The TRIzol reagent (Thermo Fisher Scientific) was used 
to isolate RNA, and the concentration and purity of the 
samples were evaluated using the NanoDrop ND-2000. 
Reverse transcription was performed on RNA using a 
Reverse Transcription Kit (Takara, Shiga, Japan). Prime-
Script RT-PCR kit (Takara) was used in the qPCR experi-
ments. The primers (as stated below) were retrieved 
from the PrimerBank database: human TTK, forward (F) 
5′-GTG​GAG​CAG​TAC​CAC​TAG​AAATG-3′; reverse (R): 
5′-CCC​AAG​TGA​ACC​GGA​AAA​TGA-3′; human CK-18, 
F: 5′-GGC​ATC​CAG​AAC​GAG​AAG​GAG-3′; R: 5′-ATT​
GTC​CAC​AGT​ATT​TGC​GAAGA-3′; human BMI-1, F: 
5′-CCA​CCT​GAT​GTG​TGT​GCT​TTG-3′; R: 5′-TTC​AGT​

AGT​GGT​CTG​GTC​TTGT-3′; human EZH2, F: 5′-AAT​
CAG​AGT​ACA​TGC​GAC​TGAGA-3′; R: 5′-GCT​GTA​
TCC​TTC​GCT​GTT​TCC-3′; human ZO-1, F: 5′-CAA​
CAT​ACA​GTG​ACG​CTT​CACA-3′; R: 5′-CAC​TAT​TGA​
CGT​TTC​CCC​ACTC-3′; human Vimentin (VIM), F: 
5′-AGT​CCA​CTG​AGT​ACC​GGA​GAC-3′; R: 5′-CAT​TTC​
ACG​CAT​CTG​GCG​TTC-3′; human Fibronectin (FN), F: 
5′-CGG​TGG​CTG​TCA​GTC​AAA​G-3′; R: 5′-AAA​CCT​
CGG​CTT​CCT​CCA​TAA-3′; human β-actin, F: 5′-CAT​
GTA​CGT​TGC​TAT​CCA​GGC-3′, R: 5′-CTC​CTT​AAT​
GTC​ACG​CAC​GAT-3′. The expression of genes was 
normalized to β-actin mRNA expression. The NCode 
EXPRESS SYBR GreenER microRNA qRT-PCR Kit 
(Thermo Fisher Scientific) was used to verify miRNA 
expression with miR-21 forward primer and universal 
qRT-PCR Primer (Thermo Fisher Scientific). The expres-
sion of miR-21 was normalized to the levels of U6.

Cell transfection
2 μg of TTK overexpression vector and the correspond-
ing control vector (Origene, Rockville, MD, USA) or 2 μg 
of TTK-targeting shRNAs (sc-36758-SH, Santa Cruz 
Biotechnology) and a control shRNA (sc-108060, Santa 
Cruz Biotechnology) were used per well for 12-well 
plates to transfect Ishikawa and HEC-1 cells using the 
Lipofectamine 3000 transfection reagent (Thermo Fisher 
Scientific). Thermo Fisher Scientific provided the miR-21 
mimic/inhibitor (30 nM) and the control mimic/inhibitor 
(30 nM), which were transfected into EC cells using the 
Lipofectamine 3000 transfection reagent.

Western blotting
EC cells were lysed using M-Per Mammalian Protein 
Extraction Reagent (Pierce, Rockford, IL, USA). By 10% 
SDS-polyacrylamide gel electrophoresis, protein samples 
(20 μg) were separated and transferred to a PVDF mem-
brane (Millipore, Bedford, MD, USA). The membrane 
was incubated for 2  h overnight at 4  °C with a primary 
antibody against human TTK (1:1000; Cell Signaling 
Technology, Beverly, MA, USA) or β-actin (1:5000, Cell 
Signaling Technology), followed by 1 h at room tempera-
ture with a secondary antibody. The band was evaluated 
using enhanced chemiluminescence detection reagents 
(Pierce, Rockford, IL, USA).

Functional assays
Cell proliferation was determined using the Cell Count-
ing Kit-8 (CCK-8) assay (Dojindo, Japan). After 72  h, 
10 µl of CCK-8 reagent was applied to the experimental 
cell-containing wells and incubated for up to 4 h before 
determining the absorbance at 450  nm. The cell inva-
sion assay was carried out in a Matrigel-coated tran-
swell chamber with a pore size of 8 µm (Corning Costar, 
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Lowell, CA, USA). The bottom compartment was filled 
with growth medium supplemented with 10% FBS, and 
the transwell inserts were seeded with 5 × 104 cells sus-
pended in serum-free culture media. Cells were cultured 
at 37  °C for 24  h before being fixed in paraformalde-
hyde and stained with crystal violet. Using an upright 
Nikon microscope, invaded cells were observed and 
photographed.

Cytotoxicity of the TTK inhibitor AZ3146
In 96-well plates, 5000 EC cells per well were seeded 
and left to adhere overnight. These cells were treated for 
an additional 24  h with or without AZ3146 (sc-361114, 
Santa Cruz Biotechnology) at doses ranging from 0 to 
90  nM. MTT assays (BioAssay Systems, Hayward, CA, 
USA) were used to assess cell viability.

Investigation of cell apoptosis
The Caspase-Glo 3/7 Assay kit (Promega, Madison, 
WI, USA) was used to quantify apoptotic activity in EC 
cells. EC cells were allowed 24 h to adhere to the plate. 
In 100  µl of medium, HEC-1 and Ishikawa cells were 
treated with TX as indicated in the presence of AZ3146 
or DMSO for 24 h. 100 µl of luminescence substrate for 
Caspase-3/7 was then added to each well and stirred gen-
tly. After 90 min of incubation at room temperature and 
in the dark, luminescence was measured using a micro-
plate reader (Thermo Fisher Scientific).

Statistical analysis
Using the Kaplan–Meier approach, survival curves were 
created and analyzed using the log-rank tests. Two-tailed 
Student’s t-tests and Wilcoxon tests were used when 
appropriate. The error bars show the standard error of 
the mean collected from at least three different experi-
ments. When P-values were less than 0.05, the results 
were considered significant. All graphs were plotted 
based on R 4.0.4.

Results
Identification of EC‑associated CTA genes
In total, 255 CTA genes were retrieved from the CTData-
base [29]. The transcriptional levels of these genes in EC 
tissues were compared to those in normal endometrial 
tissues using the TCGA database. In EC, 80 CTA genes 
were upregulated, whereas 17 genes were downregulated 
(Fig. 1A). We performed ssGSEA analysis using upregu-
lated 80 CTA genes based on transcriptomic data from 
TCGA EC samples and grouped EC samples according to 
enrichment scores. Clinical association analysis showed 
that tumors with late-clinical stage and high grade, as well 
as mixed and serous tumors, tended to be significantly 
enriched in the group with high CTA score (CTA​high) 
(Fig. 1B). In addition, the CTA​high group was substantially 
associated with shorter overall survival (especially in the 
first 10 years) in EC patients (Fig. 1C). Further differen-
tial gene analysis revealed that 45 of the 80 CTA genes 
were significantly highly expressed in the CTA​high group 
(Fig. 1D, E). To explore the main factors contributing to 
the considerably lower survival in the CTA​high group, we 
performed univariate cox regression on 45 upregulated 
genes and found three of them (TTK, LY6K, and NOL4) 
contributed to poor outcomes (Fig. 1F).

We obtained microarray data from the Gene Expres-
sion Omnibus (GEO) microarray dataset (GSE17025) 
cohort, which contains EC stage I and benign endome-
trial samples. TTK was shown to be significantly higher 
in stage I EC tissues compared to benign endometrial 
tissues, while the other two genes were not significantly 
differentially expressed in different tissues (Fig. 1G). Our 
survival analysis showed that high TTK expression was 
significantly associated with shorter overall survival in 
EC patients (Fig. 1H). In addition, TTK expression could 
also be used to distinguish early-stage EC tissues from 
normal tissues, with an AUC of 0.873 for early EC diag-
nosis (Fig. 1I). Our data showed that TTK is upregulated 
in EC and could be a potential biomarker for EC diagno-
sis and prognosis prediction. Therefore, TTK was chosen 
for further research.

Fig. 1  Identification of EC-associated CTA genes. A Differential genes between tumor and para-cancer; Red dots indicate genes significantly 
overexpressed in the tumor, and blue dots indicate genes significantly downregulated in para-cancer. The screening threshold is 
(log2|fold-change| > 1 and p-adjust < 0.05). The horizontal gray dashed line means p-adjust = 0.05, and the vertical gray dashed line means 
log2|fold-change | = 1. B ssGSEA enrichment analysis based on CTA genes that upregulated in EC showed a strong correlation between CTA 
enrichment scores and clinical features. C Results of survival analysis based on CTA enrichment scores. A two-sided log-rank test is used to compare 
patient survival between the two groups. D Differential genes between the CTA​high group and CTA​low group; red dots indicate genes significantly 
overexpressed in the CTA​high group, and blue dots indicate genes significantly overexpressed in the CTA​low group; the screening threshold 
is (log2|fold-change| > 1 and p-adjust < 0.05). The horizontal gray dashed line means p-adjust = 0.05, and the vertical gray dashed line means 
log2|fold-change| = 1. E Heat map shows the CTA genes that are co-upregulated in the CTA​high group and EC (F) Univariate cox regression analysis 
of the CTA gene in E plot. G Differential gene expression of three genes (TTK, LY6K, NOL4) in stage 1 EC tissues (GEO database) and benign samples 
(GSE17025). ***P < 0.001, by Wilcoxon tests. H Survival analysis of TTK based on EC gene expression profile from TCGA database. A two-sided 
log-rank test is used to compare patient survival between the two groups. I TTK expression has potential diagnostic significance in distinguishing 
early-stage EC tissues from benign tissues. The ROC curve was created using gene expression data from GSE17025

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Aberrant TTK overexpression is linked to aggressive 
phenotypes in EC
The TIMER1.0 database was used to examine the TTK 
mRNA expression levels in pan-cancers. The mRNA 
expression of TTK was significantly higher in almost 
all tumor types in TCGA compared to normal samples 
(Fig. 2A). TTK was expressed abundantly in EC samples 
with higher clinical stage and grade, but much less in ECs 
with lower clinical stage and grade (Fig. 2B). Serous EC, 
a rare but more aggressive subtype of EC, had a much 
higher level of TTK expression than endometrial endo-
metrioid carcinomas (EECs) (Fig.  2C). In stage I EC 
samples (GSE17025), we validated that TTK levels were 
considerably increased in serous tumors than in EEC 
tumors (Fig. 2D). Using the Human Protein Atlas (HPA) 
database, we further investigated TTK protein expres-
sion in ECs. TTK levels in EC tissues were much higher 
than in adjacent normal tissues (Fig. 2E). In addition, the 
results of subcellular localization in the HPA database 
indicate that TTK was mainly localized in the nucleoli 
and cytosol (Fig.  2F). The qRT-PCR and western blot-
ting experiments were then used to assess TTK expres-
sion levels in EM, a normal endometrial cell line, and two 
representative EC cell lines (Ishikawa and HEC-1). TTK 
mRNA and protein levels were significantly higher in the 
EC cell line compared to the EM cells (Fig. 2G, H). These 
results showed that high TTK expression is a promising 
biomarker for predicting aggressive EC.

Involvement of TTK in the progression of the cell cycle 
in EC
To investigate the biological function of TTK in EC, we 
performed co-expression network analysis (WGCNA) 
based on gene expression profiles of EC (Fig. 3A) and did 
KEGG enrichment for genes in each module (Fig.  3B). 
We found the most significant correlation between 
TTK and the green module (Pearson correlation = 0.76, 
P = 5.1e−103), which is mostly involved in cell cycle and 
DNA replication-related pathways (Fig.  3B). The results 
of univariate cox regression of the modules indicated 
that increased gene expression in the green module 
was strongly associated with shorter overall survival in 
EC patients (Fig.  3C), and this result was confirmed by 
the results of survival analysis (Fig. 3D). Meanwhile, we 

performed protein–protein interaction (PPI) network 
analysis on nine hub genes of the green module (Fig. 3E). 
The results of PPI analysis indicated that there were 
strong interactions among the hub genes in the green 
module (Fig. 3F).

By survival analysis, we found that high expression 
of three of the nine hub genes (CDCA8, FAM83D, and 
RACGAP1) was significantly associated with shorter 
overall survival (Additional file  1: Fig. S1A) and pro-
gression-free survival (Additional file  1: Fig. S1B) in EC 
patients. Similar to TTK, mRNA (Additional file  1: Fig. 
S1C) and protein (Additional file 1: Fig. S1D) expression 
of these three genes were significantly elevated in EC 
samples. Subcellular localization showed that CDCA8 
was mainly localized in the nucleolus (Additional file  1: 
Fig. S1E). FAM83D was found in the mitotic spindle, and 
RACGAP1 was seen in the nucleoplasm. These results 
implicated the functions of these three proteins during 
mitosis.

In addition, we divided EC samples into TTKhigh and 
TTKlow groups according to the gene expression level 
of TTK and performed differential expression analysis 
between the two groups (Fig. 3G). We found significant 
activation of cell proliferation-related pathways (includ-
ing E2F Targets, G2M Checkpoint, Mitotic Spindle, MYC 
Targets V1/V2 pathways) in the TTKhigh group according 
to GSEA enrichment analysis (Fig.  3H). TTK has been 
reported to maintain chromosome stability in mitosis 
and plays a critical role in chromosome alignment and 
spindle assembly checkpoints [30]. In addition, TTK 
could protect aneuploid cells from mitotic catastrophe, 
which leads to the development of aneuploid tumors 
[31]. These analyses imply that TTK facilitates the divi-
sion of genomically unstable tumor cells to sustain the 
proliferation and progression of EC cells.

Genomic and epigenetic alterations associated with TTK 
dysregulation in EC
To explore the genomic alterations related to TTK dys-
regulation in EC, we comprehensively analyzed the muta-
tional landscape and compared between TTKhigh and 
TTKlow groups based on somatic mutation data from 
TCGA EC samples (Fig. 4A). The results revealed no sig-
nificant difference in tumor mutational burden (TMB) 

(See figure on next page.)
Fig. 2  Aberrant TTK overexpression is linked to aggressive phenotypes in EC. A Differential analysis of TTK expression in TCGA pan-cancer. B, C 
Differential analysis of TTK expression in TCGA EC patients, as divided by tumor stage (B, left panel: stage I, stage II, stage III, and stage VI), tumor 
grade (B, right panel: G1, G2, and G3), as well as the histologic type (C; EEC: endometrioid; serous; mixed-type). D The GEO database was used 
to show increased TTK expression in serous ECs. The comparison was conducted using Wilcoxon tests. *P < 0.05, **P < 0.01, ***P < 0.001. E An 
immunohistochemical picture from the HPA database demonstrates high TTK protein expression in EC tissues than in adjacent normal tissues. 
F Results of subcellular localization of TTK protein, green indicates target protein, blue indicates nucleus and red indicates microtubule. Scale 
bars = 20 μm. G, H The mRNA (G) and protein (H) expression of TTK in two EC cell lines and a normal cell line EM were investigated using qRT-PCR 
and western blotting. ***P < 0.001, by Student’s t-tests
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Fig. 2  (See legend on previous page.)
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between the two groups of samples (Fig.  4B). In addi-
tion, we identified significantly mutated genes (SMGs) in 
the two groups of samples using MutsigCV (Additional 
file  1: Fig. S2A, B). The results of the fisher’s test sug-
gested a significant difference in the mutation profiles of 
the two groups (Fig. 4C). The TP53 mutation was signifi-
cantly enriched in the TTKhigh group, with a high muta-
tion frequency of 53% (Fig. 4D). Further analysis revealed 
that TTK expression was significantly higher in the TP53 
mutated group than others in ECs of TCGA (Fig. 4E). In 
addition, ECs from the TTKhigh group had substantially 
higher tumor purity than that of the TTKlow group (Addi-
tional file  1: Fig. S2B). It’s suggested that dysregulation 
of TTK expression in ECs was related to TP53 muta-
tions, which contributed to the persistent proliferation of 
tumor cells.

On the other hand, we compared the differences in 
copy number variations (CNVs) between the two groups 
based on CNV data (Fig.  4F) and compared the num-
ber of amplified and missing CNVs between the two 
groups of samples, respectively. We found that the num-
ber of both amplified and missing CNVs in the TTKhigh 
group was significantly higher than that in the TTKlow 
group (Additional file  1: Fig. S2C). The comparison of 
CNVs showed that significant amplification occurred 
in the 1q22, 20q11, and 19q12 regions in the TTKhigh 
group. In contrast, significant deletions occurred in the 
16q21, 4q34, 17p13, 15q21, 9q34, and 9q21 regions in the 
TTKlow group (Additional file 1: Fig. S2D). We also found 
a significant difference between the population frequen-
cies of CNV occurrence of cancer driver genes in the two 
sample groups (Additional file 1: Fig. S2E).

To further discover genomic alterations in the TTK 
gene across the pan-cancer population, we conducted 
gene mutation and copy number alteration analyses using 
the cBioPortal database. In 32 TCGA investigations, the 
TTK gene was altered in 306 (3%) of 10,953 individu-
als (Additional file 1: Fig. S3A). Almost all of the TCGA 
cancer patients had genetic alterations (“mutation and 
amplification”) (Additional file  1: Fig. S3A). Compared 
to patients with other cancer types, patients with EC had 
the greatest prevalence of TTK alterations (Additional 
file  1: Fig. S3A). Similar to established oncogenes (such 

as TP53 and MYC), TTK missense mutation, amplifica-
tion, and mRNA upregulation were seen in EC using 
Oncoprint data from cBioPortal (Additional file  1: Fig. 
S3B). Serous EC demonstrated greater rates of TTK gene 
amplification and TTK mRNA overexpression than EEC 
and mixed tumors (Additional file 1: Fig. S3C).

To explore epigenetic alterations associated with TTK 
dysregulation, we performed a genome-wide methyla-
tion analysis of all TCGA EC patients (Additional file 1: 
Fig. S4A) and found that 59 GpG sites located in the 
promoter region were differentially methylated (Addi-
tional file  1: Fig. S4B). Association analysis with dif-
ferential genes between the two groups revealed that 
seven genes in which DMP are located were differen-
tially expressed. Two of these genes (ANG and C4BPB) 
showed hypermethylation and down-regulation, and five 
genes (BRINP1, KLHL1, NOL4, SLC6A15, and PKIA) 
showed hypomethylation and up-regulation. Correlation 
analysis of methylation and gene expression suggested 
that gene expression of these seven genes was regulated 
by methylation of CpG sites located in the promoter 
region (Additional file  1: Fig. S4C, D). Survival analysis 
showed that low expression of two hypermethylated and 
down-regulated genes was associated with shorter over-
all survival in EC patients (Additional file 1: Fig. S4E). In 
comparison, the other five hypermethylated and upregu-
lated genes were positively associated with worse survival 
(Additional file  1: Fig. S4F). These results suggest that 
the TTKhigh and TTKlow groups show specific methyla-
tion profiles and methylation of the promoters of some 
genes could significantly affect gene expression and con-
sequently affect the survival of patients.

Cell subpopulations associated with dysregulated TTK 
expression in EC
Given that dysregulation of TTK expression is closely 
correlated with malignant proliferation of tumor cells 
and consequently increased tumor purity, we specu-
lated that TTK might alter the proportion of cells in the 
tumor microenvironment. Based on this hypothesis, we 
analyzed single-cell transcriptome data of five EC sam-
ples from the GEO database. By using reported maker 
genes [32], we identified a total of 10 cell subpopulations 

Fig. 3  Involvement of TTK in the progression of the cell cycle in EC. A Heatmap shows the correlation of all modules and traits, with numbers in the 
modules indicating correlation coefficients and p-values. B KEGG enrichment analysis of genes in the modules revealed their biological functions. 
C Univariate cox regression analysis based on the mean expression of all genes in the modules. D Survival analysis of the green module gene set. 
A two-sided log-rank test is used to compare patient survival between the two groups. E The network plot shows the result of the protein–protein 
interaction analysis between the hub genes of the green module. F The scatter plot showed the correlation between GS values and MM of the 
green module; the horizontal red dashed line indicates GS = 0.2, and the vertical red dashed line indicates MM = 0.8. G Differential genes between 
the TTKhigh group and TTKlow groups; red dots indicate genes significantly overexpressed in the TTKhigh group, and blue dots indicate genes 
significantly overexpressed in the TTKlow group; the screening threshold is (log2|fold-change| > 1 and p-adjust < 0.05). The horizontal gray dashed 
line means p-adjust = 0.05, and the vertical gray dashed line means log2|fold-change| = 1. H Line chart illustrates the GSEA enrichment results; 
different colors indicate different hallmark terms

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Fig. 4  Genomic changes associated with dysregulated TTK expression in EC. A Top 30 SMG in TCGA EC. B The difference in TMB between the 
TTKhigh and TTKlow groups. ns not significant. C Forest plot of the top 20 differentially mutated genes between TTKhigh and TTKlow groups. D Cobar 
plot of the top 20 differentially mutated genes between TTKhigh and TTKlow groups. E Differential analysis of TTK expression in TCGA EC patients as 
divided by TP53 mutation status (wild type and mutants). ***P < 0.001, by Wilcoxon tests. F The upper and lower chromosomes plot show the CNV 
landscape in samples from the TTKhigh and TTKlow groups, respectively



Page 12 of 23Miao et al. Journal of Translational Medicine          (2023) 21:151 

(Fig. 5A, B), including epithelial cells, ciliated cells, prolif-
erative cells, fibroblasts, endothelial cells, T cells, B cells, 
myeloid cells, mast cells, and NK cells.

Since EC is a malignant tumor of epithelial tissue 
origin, we used endothelial cells as the reference and 
inferred the CNV levels of epithelial, ciliated, and prolif-
erative cells (Fig.  5C). The results showed that all three 
types of epithelial cells had amplification in the long arm 
of chromosome 1, which was consistent with the TCGA 
EC samples. However, we found different CNV in differ-
ent types of epithelial cells. Ciliated cells had amplifica-
tion in the short arm of chromosome 1 independently of 
the other two subpopulations, and parts of epithelial cells 
had a partial deletion of chromosome 16. In addition, it 
appears that a small proportion of normal diploid cells 
are present in the three types of epithelial cells. Moreo-
ver, we explored the expression of hub genes associated 
with TTK dysregulation across different cell types. Sur-
prisingly, CDCA8, FAM83D, RACGAP1, and TTK were 
mainly expressed in proliferative cells (Fig.  5D). Func-
tional enrichment analysis of genes highly expressed in 
proliferative cells showed that these genes are mainly 
associated with cell cycle and metabolic pathways 
(Fig.  5E). Hence, we speculate that this subpopulation 
may be related to tumor malignant proliferation and 
metastasis.

High TTK expression is positively correlated with EMT 
signature and chemoresistance in EC
To investigate the effect of different cell subpopulations 
on EC survival, we performed survival analysis of the top 
5 highly expressed genes of all cell subpopulations based 
on the TCGA gene expression profile (Additional file 1: 
Fig. S5A). The results showed that only high expression 
of UBE2C, mainly expressed in proliferative cells, was 
substantially associated with shorter overall survival and 
progression-free survival of EC patients (Fig.  6A, B). It 
was reported that UBE2C promotes EMT via p53 in EC 
[33], suggesting that proliferative cells may have EMT 
phenotypes.

To verify the relationship between TTK gene expres-
sion and EMT in EC, we performed a correlation analy-
sis of TTK and reported EMT-related genes [34] based 
on the gene expression profiles of TCGA EC data. We 
found that TTK showed a significant and positive corre-
lation with the majority of EMT-related genes (Fig. 6C). 
We further investigated the expression of 19 genes with a 

correlation coefficient above 0.8 with TTK at the cellular 
level. Surprisingly, 18 of the 19 genes were significantly 
highly expressed in the proliferative cells (Additional 
file 1: Fig. S5B). In addition, the common EMT transcrip-
tion factors EZH2 and FOXM1 were highly expressed in 
the proliferative subpopulation. We speculate that prolif-
erative cells in EC might promote EMT by high expres-
sion of TTK. Therefore, we further performed ssGSEA 
analysis of EC and normal samples from the TCGA 
database based on the top 20 genes highly expressed in 
proliferating cell subpopulations. As expected, EC sam-
ples get a significantly higher proliferating score than 
normal tissues. At the same time, serous ECs are sig-
nificantly higher than EEC tumors (Fig. 6E). And we also 
found a similar trend in the early EC samples (GSE17025) 
(Fig. 6F).

Moreover, we divided all proliferative cells into TTKhigh 
and TTKlow groups according to their TTK expression 
levels, and 33 genes were significantly overexpressed in 
the TTKhigh group, and strong protein–protein interac-
tion exists among these genes (Fig.  6G). KEGG enrich-
ment results suggested that these highly expressed 
genes may lead to platinum drug resistance (Fig.  6H). 
BUB1 and BUB1B were highly expressed in prolifera-
tive cells (Fig. 6I), and they were shown to be associated 
with resistance to chemotherapeutic drugs, including 
TX, in previous studies [35–37]. Correlation analysis of 
gene expression profiles in TCGA EC samples also sug-
gested that the expression of TTK showed a very signifi-
cant positive correlation with BUB1 and BUB1B (Fig. 6J), 
suggesting that high expression of TTK may lead to 
chemoresistance.

Inhibition of TTK suppresses EMT and chemoresistance 
of EC cells
Previous research has shown that TTK has an important 
tumor-promoting role in triggering EMT in breast can-
cer [10] and bladder cancer [38]. As a result, we looked 
at how TTK inhibition affects EC cell proliferation, inva-
sion, and chemoresistance. Two shRNAs were examined 
for their ability to lower TTK expression, and the one 
with the highest knockdown efficacy was selected for our 
study. TTK shRNA was then transfected into HEC-1 cells. 
Western blotting demonstrated that shRNA-mediated 
TTK knockdown reduced cell proliferation significantly 
in HEC-1 cells (Fig. 7A, B). Furthermore, inhibiting TTK 
expression significantly decreased the ability of HEC-1 

Fig. 5  Cell subpopulations associated with TTK dysregulation in EC. A the t-SNE plot shows the cell types identified in EC with different colors. B 
The Violin plot illustrates the expression of classical marker genes in each cluster. C Heatmap showing large-scale CNV profiles of epithelial, ciliated, 
proliferative cells. Reference CNV levels of endothelial are presented at the top of the plot. The red color represents amplification and the blue 
represents deletion. D Violin plots depict CDCA8, FAM83D, RACGAP1, and TTK expression across major cell types. E The bar plot demonstrates the 
KEGG pathway enrichment of genes highly expressed in proliferative cells

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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cells to invade (Fig.  7C). TTK knockdown dramatically 
increased the sensitivity of HEC-1 cells to TX (Fig. 7D). 
The proliferation, invasion, and resistance to TX were 
consistently enhanced in Ishikawa cells transfected with 
the TTK-overexpressing vector (Fig. 7A–D). Changes in 
several EMT-related genes in TTK-overexpressing Ishi-
kawa cells and HEC-1 cells with TTK knockdown were 
examined to see whether TTK influences the EMT pro-
cess. In HEC-1 cells with TTK knockdown, qRT-PCR 
assays demonstrated an increase in epithelial marker CK-
18 and a decrease in recognized EMT inducers (BMI-1 
and EZH2) (Fig.  7E). The opposite gene expression pat-
terns were seen in TTK-overexpression Ishikawa cells 

(Fig.  7E). We next used the LinkedOmics database to 
assess whether TTK expression was associated with CK-
18, BMI-1, and EZH2 levels in TCGA EC tissues. In EC 
samples, we found strong positive associations between 
TTK and BMI-1 (or EZH2) expression (Fig.  7F). TTK 
expression was shown to be negatively associated with 
CK-18 expression in EC (Fig. 7F).

To further test the tumor-promoting role of TTK, we 
conducted a series of experiments to test whether inhib-
iting TTK activity with its specific inhibitor AZ3146 
might replicate the effects of TTK downregulation. The 
cytotoxicity of the TTK inhibitor AZ3146 was assessed 
with MTT assays. After 24 h of treatment with different 

Fig. 6  High TTK expression is positively correlated with EMT signature and chemoresistance in EC. A Analysis of patient survival based on UBE2C 
expression profile from the TCGA database. A two-sided log-rank test is used to compare patient survival between the two groups. B t-SNE 
plots show expression levels of UBE2C in major cell types. C Correlation analysis of TTK and EMT-related genes based on the gene expression 
profile of TCGA EC patients. Red dots indicate a significant positive correlation, while blue dots indicate the opposite. The screening threshold is 
(|correlation| > 0.2 and p-adjust < 0.05). The horizontal gray dashed line means p-adjust = 0.05, and the vertical gray dashed line means | correlation 
| = 0.2. The marked genes are the top 10 genes with the highest correlation. D Violin plots depict EZH2 and FOXM1 expression across major cell 
types. E, F Results of ssGSEA enrichment analysis of EC samples in TCGA database (E) and early stage of EC samples in GEO database (F) based on 
top 20 highly expressed genes of proliferative cell subpopulation. *P < 0.05, **P < 0.01, ***P < 0.001, by Wilcoxon tests. G Upregulated genes between 
cells with high TTK expression in the proliferative subpopulation relative to cells with low TTK expression. H Results of KEGG enrichment analysis of 
the upregulated genes in the E plot. I Violin plots depict BUB1 and BUBIB expression across major cell types. J Correlation analysis of TTK and target 
genes (BUB1 and BUBIB) in TCGA EC
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concentrations of AZ3146 on EC cells, we determined 
that doses of 30 nM (for HEC-1 cells) or 15 nM (for Ishi-
kawa cells) were cytotoxic (Additional file 1: Fig. S6A). In 

later experiments, a subtoxic dose of AZ3146 (28 nM for 
HEC-1 cells and 14  nM for Ishikawa cells) was used to 
test its effects on EC cells. CCK-8 experiments revealed 

Fig. 7  Inhibition of TTK suppresses EMT and chemoresistance of EC cells. A The protein expression of TTK was evaluated by western blotting in 
Ishikawa overexpressing TTK or HEC-1 cells transfected with TTK shRNA. B–D The CCK-8 (B), invasion (C), and MTT (D) assays were used to detect 
EC cell proliferation, invasion, and chemoresistance. Scale bars = 50 μm. ***P < 0.001, by Student’s t-tests. E qRT-PCR assays were used to investigate 
the expression of CK-18, BMI-1, and EZH2 in Ishikawa transfected TTK overexpression vector (or control vector), and in HEC-1 cells transfected with 
TTK shRNA (or control shRNA). ***P < 0.001, by Student’s t-tests. F Correlation of TTK levels with CK-18, BMI-1, and EZH2 expression in TCGA EC 
(LinkedOmics)
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that AZ3146 efficiently inhibited EC cell growth (Addi-
tional file  1: Fig. S6B). Subsequent cell invasion studies 
demonstrated that AZ3146 administration dramatically 
inhibited cell invasiveness (Additional file  1: Fig. S6C). 
To determine the influence of AZ3146 on the apoptosis 
of EC cells, apoptotic assays were used. As expected, the 
activity of Caspase-3/7 in EC cells was increased upon 
TX treatment (Additional file 1: Fig. S6D). Interestingly, 
when EC cells were treated with both TX and AZ3146, 
Caspase-3/7 activity was further enhanced, suggesting 
that AZ3146 has a synergistic impact on TX-induced 
cell apoptosis (Additional file 1: Fig. S6D). All these data 
suggested that TTK is a unique EMT activator in EC and 
that inhibition of TTK diminishes the invasive, mesen-
chymal and chemoresistant properties of EC cells.

TTK induces EMT in EC cells by upregulating miR‑21 
expression
TTK induces EMT in breast cancer cells by upregulating 
miR-21 and decreasing miR-200c levels [10]. Thus, we 
examined the ENCORI database to determine whether 
TTK and miR-21 and miR-200c expression in EC samples 
were clinically relevant. There was a significant positive 
relationship between TTK mRNA expression and miR-
21 (but not miR-200c) expression in 538 EC samples 
(Fig.  8A). MiR-21 expression was significantly higher in 
EC tissues than in normal tissues (Fig.  8B). Using qRT-
PCR, we also found that miR-21 was expressed at greater 
levels in EC cells than in a normal cell line EM (Fig. 8C). 
To investigate whether TTK inhibition affects EMT 
through miR-21, qRT-PCRs were used to quantify miR-
21 levels in EC cells overexpressing TTK or transfected 
with TTK shRNA. TTK overexpression was shown 
to increase the expression of miR-21 in Ishikawa cells 
(Fig.  8D). TTK shRNA transfection resulted in a sub-
stantial reduction in miR-21 expression in HEC-1 cells 
(Fig.  8D). MiR-21 has previously been demonstrated to 
be overexpressed in EC samples when compared to non-
tumor tissues [39], and high miR-21 expression in EC 
tissues has been associated to poor survival [40]. Further-
more, it has been shown that miR-21 is an EMT activator 
and that blocking miR-21 in EC cells reverses EMT [43]. 
To find out whether miR-21 has a role in chemoresist-
ance, EC cells were transfected with either an inhibitor or 
a mimic of miR-21. The qRT-PCRs validated that miR-21 

was downregulated or upregulated in the correspond-
ing EC cells (Fig.  8E). Using a cell viability experiment, 
we found that miR-21 overexpression reduced the sen-
sitivity to TX in Ishikawa cells, whereas miR-21 deletion 
in HEC-1 cells eliminated TX resistance (Fig.  8F, G). In 
Ishikawa cells with miR-21 overexpression, our qRT-PCR 
tests revealed a reduction in ZO-1 expression as well as 
an increase in VIM and FN abundance (Fig. 8H). In con-
trast, suppressing miR-21 in HEC-1 cells dramatically 
increased ZO-1 expression while decreasing VIM and FN 
expression (Fig.  8I). Together, our findings showed that 
increased miR-21 expression is required for TTK to initi-
ate EMT and chemoresistance.

Discussion
ECs represent very serious health challenges, and new 
biomarkers are required to allow for early detection, 
as well as new approaches to improve the sensitivity of 
chemotherapeutic agents, which could significantly 
enhance the opportunities for successful cancer treat-
ment and favor a higher chance of cure, survival, and 
quality of life for patients [3]. Increasing evidence sug-
gests that CTAs play a crucial role in tumorigenesis and 
progression. Many CTAs are known to promote the pro-
gression of tumors through cellular activities such as cell 
proliferation, division, or cell motility [6, 7]. CTA gene 
dysregulation is a common occurrence in cancer and sig-
nificantly decreases the survival of patients [6]. However, 
the functions of CTA genes and their potential thera-
peutic uses in EC are currently unclear. In this study, we 
found that high expression of dysregulated CTA (includ-
ing TTK) genes in EC was significantly associated with 
the advanced stage of EC and shorter survival. Moreover, 
our findings hinted at the tumor-promoting functions of 
TTK in EC (Fig. 9).

Numerous prior research has examined the association 
between TTK expression and cancer diagnosis [41, 42]. 
Earlier research demonstrated the diagnostic usefulness 
of TTK in differentiating liver cancer tissues from nor-
mal liver tissues [41]. Increased TTK expression has high 
diagnostic efficacy for breast cancer screening [42]. How-
ever, the potential diagnostic usefulness of the TTK in EC 
has not been investigated. In our study, we established 
that TTK had accurate diagnostic utility for stage I EC, 

(See figure on next page.)
Fig. 8  TTK induces EMT in EC cells by upregulating miR-21 expression. A Correlation of TTK levels with miR-21 expression in TCGA EC (ENCORI). 
B The expression of miR-21 in TCGA EC and normal samples (UALCAN). ***P < 0.001, by Wilcoxon tests. C MiR-21 levels in EC cells and EM cells as 
assessed by qRT-PCR. ***P < 0.001, by Student’s t-tests. D The expression of miR-21 in EC cells transfected with TTK expression vector (or control 
vector), or with TTK shRNA (control shRNA). ***P < 0.001, by Student’s t-tests. E MiR-21 expression was evaluated using qRT-PCR in EC cells 
transfected with miR-21 mimic (or miR-21 inhibitor). ***P < 0.001, by Student’s t-tests. F, G MTT assays were conducted to examine the effects 
of miR-21 overexpression (F) or knockdown (G) on TX resistance. ***P < 0.001, by Student’s t-tests. H, I qRT-PCR was performed to measure the 
expression of ZO-1, VIM, and FN in EC cells transfected with miR-21 mimic (H) or with miR-21 inhibitor (I). ***P < 0.001, by Student’s t-tests



Page 17 of 23Miao et al. Journal of Translational Medicine          (2023) 21:151 	

Fig. 8  (See legend on previous page.)
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thus indicating that highly expressed TTK can be used as 
a valuable biomarker for early diagnosis of EC.

Previous studies involving TTK have not only exam-
ined its value for cancer diagnosis, but also analyzed its 
role in determining the prognosis of cancer patients. A 
higher histological stage, a greater number of metastatic 
lymph nodes, and a shorter 5-year overall survival in 
lung cancer are all linked to high TTK expression [43]. In 
addition, overexpression of TTK is connected to cancer 
progression and poor prognosis in triple-positive breast 
cancer patients [44]. In ovarian cancer tissues and cells, 
TTK expression was upregulated, and its overexpression 
was discovered to be related to an unfavorable progno-
sis in ovarian cancer patients [45]. Based on our findings, 
patients with EC who have high TTK expression have a 
worse probability of surviving. Consequently, our study 
emphasized the potential role of TTK in assessing EC 
outcomes (Fig. 9).

TTK plays a significant role in EMT as well as the 
processes of metastasis and chemoresistance [10, 
11]. TTK expression has been reported to be strongly 
elevated in EC tissues and high TTK expression was 

associated with significantly poor prognosis [12]. In 
addition, an interesting paper yielded similar results 
as we did. A recent study discovered that inhibition of 
TTK expression significantly suppressed the prolifera-
tion of EC cells [13]. Similar to these previous studies, 
our findings suggested that TTK plays a critical role in 
EC cell proliferation, EMT, and TX resistance. Overall, 
we demonstrated that inhibiting TTK may prevent EC 
metastasis and chemotherapy (Fig. 9).

We investigated the link between dysregulated CTA 
gene levels and EC patient prognosis. According to our 
data, dysregulated CTAs scores in EC correlated with 
higher tumor stage and lower overall survival. TTK 
was also discovered to be highly expressed in the CTA​
high group, and the expression of this gene was sig-
nificantly associated with lower survival. In addition, 
despite the great progress in understanding molecular 
tumor processes throughout the years, there are still 
no biomarkers routinely used to detect EC early. In this 
study, mRNA levels of TTK were greatly increased in 
early-stage EC compared to the benign tissues. Fur-
thermore, our ROC analysis revealed that TTK was 
extremely accurate in distinguishing stage I EC tissues 

Fig. 9  Illustration demonstrating the role of the TTK/miR-21 pathway in facilitating EMT and conferring chemoresistance in EC. Through a screening 
process, TTK was discovered to be a potential biomarker and therapeutic target for EC. Higher TTK expression in EC cells leads to increased miR-21 
expression, which induces EMT, cell proliferation, and chemoresistance
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from benign endometrial samples, suggesting that TTK 
might be a biomarker for the early detection of EC.

Through WGCNA analysis and GSEA enrichment 
analysis of transcriptome data from EC samples in 
TCGA, we found that TTK in EC samples mainly regu-
lates the cell cycle by regulating mitotic checkpoints, thus 
promoting tumor progression. In addition, we explored 
the reasons for the shortened survival of EC caused by 
TTK dysregulation in EC samples at the mutational, 
CNV, and epigenetic levels, respectively. Our analysis 
confirmed that higher TTK expression was more fre-
quently detected in the poorly differentiated tumors, 
advanced stage of disease, TP53-mutated, and serous 
ECs. Thus, this study also suggests that TTK might be 
employed to predict EC development and metastasis.

Recent applications of single-cell transcriptome 
analysis in gynecological cancers include elucidat-
ing the heterogeneity of the disease, collecting micro-
environmental data, elucidating drug resistance 
mechanisms, and enhancing cancer diagnostic and treat-
ment approaches [46]. Previous research found that EC 
cells could be classified into several cell types: epithelial 
cells, fibroblasts, immune cells, and endothelial cells [47]. 
However, an in-depth analysis of epithelial EC cells at the 
single-cell level is currently lacking. Here, by studying the 
transcriptomes of single cells, we discovered the intra-
tumor heterogeneity of EC and demonstrated that EC is 
comprised of different cell types (epithelial cells, immune 
cells, fibroblasts, and endothelial cells). In addition, we 
uncover a rare cluster of EC cells with proliferative signa-
tures. Interestingly, we showed that TTK, hub genes, and 
EMT-associated genes were enriched in this prolifera-
tive subpopulation, implying that these cells tend to have 
more aggressive behavior. Our transcriptomic analysis 
also revealed that genes highly expressed in proliferative 
cells are more often expressed by serous ECs, rather than 
EEC tumors. In line with our findings, Olbrecht et al. rec-
ognized a molecular subtype of ovarian cancers based 
on single-cell RNA sequencing data and they reported 
that tumor sub-clusters expressing proliferative genes 
were enriched for EMT, hypoxia, and hedgehog signal-
ing, all of which contribute to the greater aggressiveness 
of ovarian cancer [48]. These results support that a sub-
population of EC cells with proliferative capability may 
be responsible for accelerated metastatic development 
and TTK overexpression may be a valuable biomarker for 
predicting a highly aggressive nature.

A phenomenon called partial EMT or hybrid EMT, 
in which epithelial cancer cells display both mesenchy-
mal and epithelial features, has been reported [49, 50]. 
Previous research has shown that partial EMT is more 
common in ECs than complete EMT [51]. Based on sin-
gle-cell data from EC samples in the GEO database, we 

identified a subpopulation of proliferating malignant epi-
thelial cells in EC that increases with tumor malignancy. 
The upregulation of TTK and numerous EMT-related 
genes was detected in proliferative cells, indicating that 
this subpopulation retains high proliferative potentials, 
while undergoing an EMT program. When proliferative 
cells were categorized according to their TTK expression 
levels, we discovered that the overexpressed genes in the 
TTKhigh group were functionally engaged in regulating 
chemoresistance. These results collectively supported 
the notion that activation of TTK and its downstream 
pathways might contribute to the proliferation, EMT fea-
tures, and chemoresistance of EC cells. In line with this 
possibility, cell functional experiments have proven that 
silencing TTK with shRNA significantly attenuated the 
proliferative and invasive properties and abolished the 
resistance to the anti-cancer drug TX. Animal models 
would be required in the future to demonstrate whether 
TTK silencing or specific inhibition may prevent EC 
metastasis and boost chemotherapeutic effectiveness.

Typically, TTK and other cancer-testis antigens are 
expressed in testicular and tumor but not in normal 
[7–11]. TTK has been implicated in the activation of 
EMT in breast [10] and bladder cancers [38]. In the cur-
rent investigation, we found that TTK promotes EMT in 
EC cells by increasing the expression of EMT inducers 
(EZH2 and BMI-1) and decreasing the expression of the 
epithelial marker CK-18. These results imply that reduc-
ing TTK expression could potentially be developed as a 
new strategy to specifically inhibit the metastasis of EC. 
The mechanism by which TTK enhances EC aggressive-
ness and chemoresistance through EZH2 overexpression 
remains to be determined.

Prior studies have shown that ECs with high levels of 
miR-21 expression had advanced tumor stages, high his-
tological grades, cervical invasion, myometrial invasion, 
and distant metastasis [52]. As a result, miR-21 might be 
used as a biomarker to identify benign lesions from ECs 
[52]. MiR-21 has been shown to promote the growth of 
esophageal carcinoma [53], melanoma [54], and cervical 
cancer [55]. MiR-21 promotes EMT in renal cell cancer 
[56]. MiR-21 confers doxorubicin resistance in gastric 
cancer [57]. In accordance with these results, we demon-
strated that miR-21 overexpression was responsible for 
EMT development and TX resistance, suggesting that 
miR-21 inhibitors may be useful in increasing chemo-
therapeutic effectiveness in EC patients.

The mechanisms behind miR-21 overexpression in 
tumor cells have been reported [58, 59]. The oncogene 
RAS has been associated with miR-21 overexpression in 
a thyroid cell line generated from the thyroid gland [58]. 
In addition, EZH2 increases miR-21 levels in glioma 
cells by epigenetically inhibiting the expression of a long 
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non-coding RNA called MEG3 [59]. MEG3 decreased 
miR-21 levels in chronic myeloid leukemia cells [60]. 
Our findings showed that TTK promotes EZH2 expres-
sion and causes miR-21 to be upregulated. Thus, TTK 
may activate the miR-21-dependent signaling pathway 
through EZH2. Notably, miR-21 has been shown to 
increase EZH2 expression in human lung cancer stem 
cells [61]. Therefore, when EZH2 and miR-21 work 
together, they may create a double-positive feedback 
loop that mediates the oncogenic activities of TTK and 
enhances EC aggressiveness and chemoresistance. How-
ever, further experimental verification is needed.

Numerous small-molecule drugs that suppress TTK 
activity have been discovered or created so far [62–65]. 
The selective TTK inhibitor CFI-402257 has anti-cancer 
effects on human colon cancer cells, causing cell death 
[62]. A TTK-targeting small drug (compound 13) dra-
matically suppressed breast cancer development in nude 
mice [63]. According to some research, combining TTK 
inhibitors with chemotherapeutic drugs may significantly 
boost the effectiveness of destroying tumor cells [64]. 
BAY-1217389 and CFI-402257, two selective TTK inhibi-
tors, greatly decreased glioblastoma multiforme cell pro-
liferation and enhanced the growth-suppressive efficacy 
of temozolomide [64]. Moreover, Mps1-IN-3, a selective 
small molecule TTK inhibitor, produced mitotic aber-
rations in glioblastoma cells, and its combination with 
vincristine increased cell death [65]. Apart from these 
reports, Multiple breast cancer cell lines with a basal-like 
phenotype were more radiosensitive after TTK inhibi-
tion by B909 [66]. In line with recent findings from EC, 
which demonstrated that a TTK inhibitor (NTRC0066-
0) significantly reduced the growth of EC cells [13], we 
confirmed that pharmacological inhibition of TTK with 
AZ3146 decreased the proliferation and invasion of EC 
in vitro, and had a synergistic effect on the TX-induced 
apoptosis of EC cells. Therefore, TTK inhibitors could 
be used with existing anti-tumor drugs or radiation 
therapy to enhance tumor destruction. The future use of 
AZ3146 in conjunction with TX may improve the thera-
peutic benefits of TX in EC patients exhibiting high TTK 
expression (Fig. 9).

Conclusions
In summary, TTK was discovered as a new EMT activa-
tor for EC based on integrative multi-omics analysis and 
functional validation. TTK has the potential to be a valu-
able biomarker for the diagnosis of EC, the assessment of 
prognosis, and the prediction of chemoresistance (Fig. 9). 
Therefore, this study deepens our understanding of the 
biological function of TTK in EC and may provide new 
clues for treating this disease.
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