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A B S T R A C T   

Purpose: Endometrial cancer (EC) poses a serious risk to females worldwide; thus, a deep un
derstanding of EC is urgently required. The role and mechanisms of gamma-glutamyltransferase 
light chain 1 (GGTLC1) in EC remain obscure. This study aims to elucidate the function and 
mechanisms underlying GGTLC1’s involvement in EC. 
Methods: Bioinformatic tools and databases were used to analyze GGTLC1 and its associated gene 
expression in EC tissues. Functional enrichment explorations and immune infiltration analyses 
were conducted, together with investigation into the methylation status of GGTLC1. Western 
blotting and Quantitative real-time PCR quantified expression levels. Additional experimental 
methodologies elucidated the role of GGTLC1 in EC progression. Transcriptome sequencing 
identified potential regulatory pathways for GGTLC1, and tumor growth was evaluated in vivo 
using HEC-1A cells in nude mice. 
Results: GGTLC1 was upregulated and negatively correlated with immune cell infiltration and 
DNA methylation in EC. Cell migration and proliferation were reduced following GGTLC1 
knockdown, together with arrest at the G0/G1 phase and an upsurge in apoptosis. Compared to 
the knockdown group, TGF-β/Smad signaling pathway was up-regulated in the negative control 
group of EC cells by transcriptome analysis. The levels of TGF-β, pSmad2, and pSmad3 followed 
the same decreasing trend, whereas Smad3 and Smad2 protein levels remained unchanged. 
Conclusion: Knockdown of GGTLC1 attenuates EC development through the TGF-β/Smad 
pathway, positioning GGTLC1 as a promising target for EC treatment.   

1. Introduction 

Endometrial cancer (EC) represents a prevalent gynecological malignancy [1]. Although the majority of EC patients are diagnosed 
early and effectively treated with surgical interventions, managing advanced stages of the disease poses significant challenges [2,3]. 
Additionally, negative changes in diet and lifestyle have increased the prevalence of EC [4]. Hence, innovative approaches are urgently 
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required to better diagnose and treat patients with EC. 
The protein coding gene gamma-glutamyltransferase light chain 1 (GGTLC1), with a molecular mass of 24,274 Da, was initially 

named GGTL6, then GGTLA4, and later GGTLC1 in 2008 [5]. Members of the gamma-glutamyl transferase family, including GGTLC1, 
are critical in glutathione metabolism. Gamma-glutamyltransferase (GGT) is involved in various diseases, including cancer [6]. Serum 
GGT is a genitourinary malignancy predictive biomarker [7]. A recent study proposed the use of GGT-triggered charge-reversal 
nanoparticles as a cutting-edge drug for successful GGT-positive tumor treatment [8]. GGT has also been reported in other cancers 
[9–11]. Additionally, gamma-glutamyltransferase 1 (GGT1) is an important paralog of this gene. GGT1 inhibition can reduce the 
increased immunosuppressive activities of myeloid-derived suppressor cells (MDSCs) that are triggered by granulocyte 
colony-stimulating factor (G-CSF), ultimately counteracting tumor-promoting effects caused by G-CSF [12]. In renal carcinoma, GGT1 
inhibition can inhibit proliferation and migration, induce cell cycle arrest, and improve sensitivity to chemotherapy [13]. Another 
study concluded that GGTLC1 produces chemoresistance in breast cancer through an immune pathway [14]. Our analysis of data from 
The Cancer Genome Atlas (TCGA) indicates the notable increase in GGTLC1 levels observed in EC. 

TGF-β is overproduced across almost all types of advanced human tumors, and higher TGF-β expression promotes tumor growth 
and metastasis via increased tumor cell motility [15]. Earlier researches have indicated that the TGF-signaling pathway acts as a 
crucial role in EC development. In the human EC cell line (Ishikawa), fluorene-9-bisphenol (BHPF) has been shown to inhibit epi
thelial–mesenchymal transition (EMT) by blocking the pathway [16]. In the progression of esophageal squamous cell carcinoma 
(ESCC), ATAD2 collaborates with C/EBPβ to facilitate metastasis through the TGF-β1/Smad3 signaling pathway [17]. 

Our study explores the effects, and potential mechanisms, of GGTLC1 on EC cell biological actions, with the aim of proposing a 
novel treatment strategy for EC. 

2. Materials and methods 

2.1. Differentially expressed gene (DEG) and enrichment analyses 

The RNA-sequencing data in FPKM format was obtained from the UCEC project of TCGA, available at https://portal.gdc.cancer. 
gov/. The data in HTSeq-FPKM format at level 3 were normalized to TPM. To analyze differentially expressed genes (DEGs) be
tween the two groups, we utilized the DESeq2 R package version 1.26.0. DEGs were defined with adjusted p-value (p.adj) < 0.05 and | 
log2-fold-change (FC)| > 1. Spearman’s correlation analysis assessed the relationship between the expression of the top ten DEGs and 
GGTLC1. GO and KEGG analyses were conducted utilizing ClusterProfiler R package version 3.14.3. 

2.2. DNA methylation and immune infiltration analyses 

By utilizing MethSurv and UALCAN databases, methylation status of the GGTLC1 promoter was examined to investigate the un
derlying mechanism of GGTLC1 on ECs. An analysis of immune cell infiltration for GGTLC1 was conducted utilizing the GSVA package 
(version 1.34.0) in R to perform single-sample Gene Set Enrichment Analysis (ssGSEA). This analysis quantified the infiltration levels 
across 24 distinct immune cell types. Spearman’s correlation analysis was employed to explore the relationships between GGTLC1 
expression and the prevalence of these immune cells. Additionally, the Wilcoxon rank sum test was utilized to compare immune cell 
infiltration between EC samples with high and low GGTLC1 expression. 

2.3. Patients and endometrial tissue samples 

All patients provided their informed consent, and this study received approval from ethics committee of Lanzhou University School 
of Basic Medicine. Six patients who underwent hysterectomy at our hospital provided six pairs of EC tissues and associated para
cancerous tissues. Prior to the surgery, none of these patients had received chemotherapy or radiation therapy. 

2.4. Cell culture 

Human endometrial epithelial cell (hEEC) line was obtained from Biobw (Beijing, China). Additional cell lines, including AN3CA, 
KLE, HEC-1B, Ishikawa, RL95-2, and HEC-1A, were sourced from Genechem Co., Ltd. The culture conditions varied according to the 
cell line: hEEC, Ishikawa, and RL95-2 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM); AN3CA cells in Minimal 
Essential Medium (MEM); KLE cells in DMEM-F12; and both HEC-1A and HEC-1B cells in McCoy’s 5A medium. Each medium was 
supplemented with 10 % fetal bovine serum (BI, Israel) and 1 % penicillin/streptomycin (Hyclone, USA). 

2.5. shRNAs transfection and lentivirus infection 

Short hairpin RNA (shRNA) constructs targeting specific genetic sequences were designed and synthesized by Shanghai Genachem 
Co., Ltd. The targeted gene or shRNA sequence was cloned into a lentiviral expression vector. For viral particle production, this vector 
was co-transfected with lentiviral backbone and packaging plasmids into a packaging cell line. Following transfection, the culture 
supernatant containing the lentiviral particles was harvested. HEC-1A cells were then infected with these lentiviruses; polybrene was 
added to enhance the infection efficiency. Post-infection, cells were selected with puromycin to establish stable lines. The success of 
lentiviral transduction was subsequently confirmed via Western blot analysis. 
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2.6. Quantitative real-time PCR (qRT-PCR) 

Total RNA was isolated from cells using TRIzol reagent (Takara, Japan). RNA concentration and purity were assessed with a 
spectrophotometer. Complementary DNA (cDNA) synthesis was carried out using the PrimeScript RT kit (Cat. RR047A, TaKaRa) at 
37 ◦C for 15 min, followed by a heat inactivation step of the reverse transcriptase at 85 ◦C for 5 s. A reaction mixture for quantitative 
real-time PCR (qRT-PCR) was prepared, including specific primers, an appropriate amount of cDNA template, and SYBR Green (Cat. 
RR820A, Takara). The qRT-PCR protocol included an initial denaturation at 95 ◦C for 30 s, followed by 40 cycles of denaturation at 
95 ◦C for 5 s, and annealing/extension at 60 ◦C for 30 s. Relative gene expression levels were quantified using the comparative Ct 
method (2^− ΔΔCt). The primers for GGTLC1 were as follows: F 5ʹ-AAGCCCGAGTTCTACATGCC-3ʹ, R: 5ʹ-GGTGATGCTGGTAGAGCTGA- 
3ʹ; and for GAPDH: F: 5ʹ-CAACGAATTTGGCTACAGCA-3ʹ, R: 5ʹ-AGGGGAGATTCAGTGTGGTG-3ʹ. 

2.7. Western blot (WB) analysis 

For protein extraction, samples of cells and tissues were gathered and lysed in RIPA buffer (Solarbio, Beijing, China) with protease 
and phosphatase inhibitors. The concentration of protein was determined utilizing a BCA protein assay kit (Solarbio, Beijing, China). 
Subsequently, the protein supernatants were mixed with 5 × SDS loading buffer and heated at 100 ◦C for 10 min. After that, the same 
amount of protein was separated using SDS-PAGE and transferred to polyvinylidene fluoride membranes. The membranes were then 
exposed to primary antibodies overnight at 4 ◦C and secondary antibodies for 1 h at room temperature. The primary antibodies that 
were employed are as follows: rabbit anti-GGTLC1 (1:1000, Signalway Antibody, cat. no. 40020), rabbit anti-pSmad2 (1:1000, Cell 
Signaling Technology, cat. no. 3108S), rabbit anti-Smad2 (1:1000, Cell Signaling Technology, cat. no. 5339S), rabbit anti-pSmad3 
(1:2000, Boster Biological Technology, cat. no. BM4033), rabbit anti-Smad3 (1:2000, Boster Biological Technology, cat. no. 
BM3919), rabbit anti-TGF-β1/2 (1:1000, Beyotime Biotechnology, cat. no. AF0297), rabbit anti-caspase3 (1:1000, HuaBio, China, cat. 
no. ET1602-39), rabbit anti-bax (1:5000, HuaBio, China, cat. no. ET1603-34), rabbit anti-p21 (1:1000, Wanlei, China, cat. no. 
WL0362), rabbit anti-bcl2 (1:1000, HuaBio, China, cat. no. ET1702-53). The horseradish peroxidase-conjugated goat anti-rabbit IgG 
secondary antibody (Abbkine, cat. no. A21020) was used at a dilution of 1:10,000. Signal blots were detected utilizing the BeyoECL 
Moon kit. 

2.8. Cell proliferation assay 

Cell proliferation was quantified using the Cell Counting Kit-8 (CCK-8, BioScience, Shanghai, China). HEC-1A cells were seeded at a 
density of 5 × 10^3 cells/100 μL per well in 96-well plates. Absorbance at 450 nm was measured to assess cell viability, comparing 
values between treatment and control groups to calculate relative changes in proliferation rate or cell activity. Cells were maintained in 
incubators at 37 ◦C with 5 % CO2.For colony formation assays, cells were plated at a density of 1 × 10^3 cells per well in 6-well plates 
and cultured for two weeks to allow for colony development. Colonies were fixed with 4 % paraformaldehyde for 20 min and stained 
with 0.5 % crystal violet (Beyotime Biotechnology) for 30 min. Colony counts were manually performed from photographs. Addi
tionally, cell proliferation was evaluated using the EdU incorporation assay with the Cell Proliferation EdU Image Kit (Abbkine, 
Wuhan, China) following the manufacturer’s instructions. Fluorescent images were captured with a fluorescence microscope. All 
experiments were independently repeated in triplicate. 

2.9. Cell migration assay 

The migratory capacity of cells was investigated through wound healing and Transwell migration assays. Briefly, a wound healing 
assay was conducted by seeding cells into 6-well plates and culturing them to subconfluence. To scratch the cells, a sterile 200 μL 
pipette tip was utilized, followed by serum-free culture medium. Migration areas were monitored and imaged with an inverted mi
croscope at 100× magnification at 0, 24, 48, and 72 h post-scratch. The areas were quantified using ImageJ software. 

The Transwell migration assay was implemented in 6.5 mm polycarbonate inserts with 8.0 pore size (Costar Corning, New York, 
NY, USA). 2 × 105 cells per well were seeded into the upper chamber with 200 μL serum-free medium, while 600 μL medium con
taining 20 % fetal bovine serum (FBS) was used in the lower chamber. Fixing the cells with 4 % paraformaldehyde and staining them 
with 0.5 % crystal violet took place after 48 h of culture. We counted the cells from five random fields captured by an inverted mi
croscope (magnification, 200 × ). All experiments were independently repeated in triplicate. 

2.10. Flow cytometric analysis 

Cells were collected using cell scraping and then treated with fixatives such as formaldehyde to ensure long-term preservation. Cells 
were fixed according to standardized protocols before being harvested for further processing. Cells were stained with propidium iodide 
following the manufacturer’s guidelines. Post-staining, cells were washed with a flow-through buffer containing 2 % FBS to remove 
excess dye. The cell suspensions were then filtered through a 70-μm filter to eliminate aggregated cells and large debris. Cell con
centrations were adjusted to 10^5 cells/ml, optimizing conditions for flow cytometric analysis. Flow cytometry was employed to assess 
cell cycle progression, apoptosis, and mitochondrial membrane potential. Cell cycle analysis was conducted using the Cell Cycle 
Analysis Kit (China United Branch). Apoptosis was evaluated using an Apoptosis Kit (China Union Branch), where cells were stained 
with Annexin V-FITC and PI following the provided protocol. Additionally, mitochondrial membrane potential was measured with the 
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Fig. 1. Expression levels of GGTLC1 in EC. a GGTLC1 expression between EC and normal tissues in TCGA database (normal = 35, tumor = 543). b 
GGTLC1 expression between EC and adjacent normal endometrial tissues in TCGA database (normal = 23, tumor = 23). c ROC curve of GGTLC1 in 
EC from TCGA database. d qRT–PCR result of GGTLC1 mRNA expression in hEEC and six endometrial cancer cell lines. e Western blot analysis of the 
expression of GGTLC1 in hEEC and six endometrial cancer cell lines. f Western blotting of GGTLC1 expression in six fresh primary EC tissues (T) and 
individual normal para-cancerous tissues (P). *p < 0.05, **p < 0.01, and ***p < 0.001. Each experiment was repeated at least three times, statistical 
difference analysis was applied using either paired t-test or one-way analysis of variance test. The raw data of WB can be found in the supplementary 
file’s Fig. 1(e) and (f). 
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JC1 Mitochondrial Membrane Potential Assay Kit (Biotech, Shanghai, China). All assays were conducted in triplicate to ensure reli
ability. Flow cytometry data were acquired and analyzed using NovoExpress software (version 1.5.6). 

2.11. In vivo tumor xenograft mouse model 

The Animal Ethics Committee of the School of Basic Medicine at Lanzhou University approved all experimental protocols involving 
animals. Four-week-old female BALB/c nude mice were sourced from the Shanghai Model Biology Center and housed in a specific 
pathogen-free (SPF) environment. The mice were randomly assigned to three groups (n = 5 per group): shNC, shGGTLC1-1, and 
shGGTLC1-2, to assess the impact of GGTLC1 knockout on HEC-1A cells in vivo. Each mouse received a subcutaneous injection of 
approximately 1.0 × 10^7 exponentially growing HEC-1A cells suspended in 200 μL of phosphate-buffered saline (PBS) into the left 
axilla. Tumor growth was monitored at intervals of 48–72 h, and tumor volume was calculated using the formula: V = (length ×
width^2)/2. On day 30, the mice were humanely euthanized, and the tumors were excised, evaluated, and photographed. 

2.12. Transcriptome sequencing 

Upon request, we prepared samples from HEC-1A shNC cells and shGGTLC1-2 cells, each with three independent biological rep
licates. These samples were sent to Shanghai Genecham Co., Ltd. for transcriptome sequencing. Total RNA was extracted using RNA 
extraction kits, including options such as TRIzol and Qiagen RNeasy. The quality and concentration of the extracted RNA were assessed 
using a NanoDrop system. RNA purification involved the use of oligo(dT) beads to isolate mRNA or total RNA, which was then 
fragmented at high temperatures into lengths of 200–500 bases, suitable for sequencing. RNA was reverse transcribed into cDNA using 
random or oligo(dT) primers. Single-stranded cDNA was synthesized into double-stranded cDNA using DNA polymerase and RNase H. 
The cDNA ends were then blunted and phosphorylated. An ’A’ tail was added to the 3′ ends of the cDNA to facilitate the ligation of 
sequencing adapters. Specific sequencing linkers were then attached. The appropriate length of cDNA fragments was selected using gel 
electrophoresis or magnetic beads. The cDNA library was amplified by PCR to ensure there was sufficient material for sequencing. The 
prepared library was loaded onto an Illumina platform for single-end sequencing. Initial processing of the raw sequencing data 
involved removing low-quality reads. Reads were aligned to the reference genome or transcriptome using HISAT2. Gene expression 
levels were quantified using Feature Counts. 

Fig. 2. Differentially expressed genes (DEGs) and functional enrichment analysis (GO and KEGG) of GGTLC1 in EC. a Volcano plot of differentially 
expressed genes (DEGs). b Heatmap of correlation between GGTLC1 expression and the top ten DEGs. c GO enrichment analysis of DEGs. d KEGG 
pathway annotation of DEGs. 
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2.13. Statistical analyses 

Three independent experiments were performed for each analysis. R 3.6.3 or SPSS 26.0 was utilized to perform statistical analysis. 
One-way ANOVA was utilized to compare factors between groups. The interaction between GGTLC1 expression and DEGs or immune 
infiltrating cells was investigated utilizing Spearman’s correlation analysis.Kaplan-Meier survival analysis was performed utilizing the 
’survival’ package in R to estimate survival probabilities at designated time points. The log-rank test was applied to compare survival 
curves statistically across different groups, determining the significance of differences in survival outcomes. The Receiver Operating 
Characteristic (ROC) analysis was performed using the pROC package in R. The effectiveness of the test was quantified by the area 
under the curve (AUC). An AUC value close to 1 indicates excellent test performance, suggesting high diagnostic accuracy, whereas a 
value near 0.5 implies that the test has no diagnostic value. 

3. Results 

3.1. GGTLC1 is upregulated in EC 

Comparing EC tissues to normal tissues, GGTLC1 expression was greater in the EC tissues analyzed using TCGA database (p <
0.001) (Fig. 1a), which was consistent with the results observed in the 23 paired samples (Fig. 1b). In addition, the receiver operating 
characteristic (ROC) curve showed that the ability of GGTLC1 expression to discriminate between EC tissues and normal tissues was 
moderate. The area under the curve (AUC) was 0.713 (95 % confidence interval [CI]: 0.629 − 0.797) (Fig. 1c). Compared to hEEC cells, 
the levels of GGTLC1 expression in EC cells, including AN3CA, KLE, HEC-1B, Ishikawa, RL95-2, and HEC-1A, were noticeably 
increased (p < 0.05; Fig. 1d and e). In primary EC tissue samples, GGTLC1 protein expression was markedly increased compared to that 
in normal paracancerous tissues (n = 6, p < 0.05; Fig. 1f). 

3.2. DEG and functional enrichment analyses of GGTLC1 in EC 

By analyzing GGTLC1 expression levels, a total of 1108 DEGs were identified as either up- or downregulated, including 928 up- and 
180 downregulated genes (|log2FC| > 1 and adjusted p-value<0.05) (Fig. 2a). The top ten DEGs of the correlation heatmap are 
displayed (NR1H4, OR1N1, BPIFB2, OBP2B, SFTPB, SCGB3A1, MUC6, REG3A, MRGPRX4, and MT4), as well as GGTLC1 (Fig. 2b). 
Following this, GO enrichment analysis displayed the top GO enrichment items as follows: fatty acid derivative metabolic process, 
glucuronate metabolic process, glutathione catabolic process, intermediate filament cytoskeleton, Golgi lumen, lamellar body, active 
transmembrane transporter activity, enhancer sequence-specific DNA binding, and glucuronosyltransferase activity (Fig. 2c). Next, 
KEGG pathway analysis of DEGs identified several significant enrichments (Fig. 2d), including steroid hormone biosynthesis, meta
bolism of xenobiotics by cytochrome P450, and drug metabolism-cytochrome P450. 

3.3. Relationship between GGTLC1 expression and immune infiltration and methylation 

The relationship between GGTLC1 expression and methylation was investigated using the UALCAN database. Compared to normal 
endometrial tissues, EC tumor tissues displayed a strikingly decreased degree of DNA methylation (p < 0.001; Fig. 3a). The 
methylation site cg05002642 indicated a poor prognosis in EC (Fig. 3b). Furthermore, we found an inverse relationship between 
GGTLC1 expression and immune cell infiltration levels, including Th2 cells (r = − 0.265, p < 0.001), T gamma delta (Tgd) cells (r =
− 0.248, p < 0.001), T helper cells (r = − 0.187, p < 0.001), and Th1 cells (r = − 0.171, p < 0.001) (Fig. 3c). The GGTLC1 high- 
expression group had lower enrichment scores for Th2 cells, Tgds, T helper cells, and Th1 cells than the GGTLC1 low-expression 
group (all p < 0.01) (Fig. 3d–k). 

3.4. GGTLC1 knockdown reduced the capacity of EC cells to proliferate and migrate in vitro 

To elucidate the role of played in EC development and progression, we employed three lentiviral shRNAs to reduce GGLTC1 
expression in HEC-1A cells, while empty lentiviral vectors were used as negative controls. The transfection effectiveness was validated 
by western blotting (Fig. 4a and b). As a result, shGGTLC1-1 and shGGTLC1-2 were selected for the following experiments. Silencing of 
GGTLC1 slowed HEC-1A cell growth, which was identified through CCK8, colony formation, and EdU experiments (Fig. 4c–g). We 
found that GGTLC1 knockdown also caused a decrease in the migration capacity of HEC-1A cells (Fig. 4h–k). Taken together, these 
findings demonstrated that GGTLC1 expression was downregulated, which prevented EC cells from proliferating and migrating. 

Fig. 3. Correlation between GGTLC1 expression and methylation and immune infiltration levels in endometrial cancer. a The promoter methylation 
level of GGTLC1 in endometrial cancer was obtained from the UALCAN database. b Kaplan–Meier survival curve for the GGTLC1 methylation site 
cg05002642. c Correlation between GGTLC1 expression and 24 types of immune cells. The size of the point represents the corresponding absolute 
values of Spearman’s correlation coefficient. d–g Comparison of immune infiltration levels of immune cells, including Th2 cells, Tgds, T helper cells, 
and Th1 cells, between the high- and low-GGTLC1 expression groups. h–k Correlation between GGTLC1 expression and the relative enrichment 
scores of immune cells (including Th2 cells, Tgds, T helper cells, and Th1 cells). 
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3.5. Knockdown of GGTLC1 induces G0/G1 phase arrest and apoptosis in EC 

Next, we explored whether cell cycle arrest was linked to the negative effect of GGTLC1 knockdown on cell growth. The number of 
cells in the G1 phase increased significantly when GGTLC1 was knocked down, whereas the percentage of cells in the S and G2 phases 
decreased significantly (Fig. 5a–c, j). Meanwhile, western blot results showed that knocking down GGTLC1 resulted in a decrease in 
cyclinD1 and CDK4 of G1 phase cell cycle proteins (Fig. 5m and n). Moreover, GGTLC1 knockdown notably triggered apoptosis 
(Fig. 5d–f, k). We used JC-1 staining to detect mitochondrial membrane potential by the flow cytometer. The horizontal axis of FITC-H 
represented the number of green fluorescent group cells, while the vertical axis of PE-H represented the number of red fluorescent 
group cells. In healthy cells, normal mitochondrial function triggered red fluorescence, while in apoptotic cells, lowering of mito
chondrial membrane potential triggered green fluorescence. The results showed that after knocking down GGTLC1, the number of 
green fluorescent group cells significantly increased (Fig. 5g–i, l). Subsequently, the western blot results demonstrated that knocking 
down GGTLC1 resulted in an increase in apoptotic proteins, including caspase3, bax, p21, and a decrease in bcl2 protein (Fig. 5o and 
p). 

3.6. Silencing GGTLC1 inhibited the TGF-β/Smad signaling pathway 

After knocking down GGTLC1 in HEC-1A cells, DEGs between the experimental group and the control group were obtained through 
transcriptome sequencing (Fig. 6a and b). The transcriptome sequencing results confirmed the pathway activated by GGTLC1, 
including TGF-β, Wnt, and Notch signaling pathways (Fig. 6c–e). Considering that TGF-β signaling pathway is widely believed to be 
involved in tumor cellular growth, movement, and invasion, this pathway was selected for further research. Western blotting was 
conducted to detect the level of TGF-β and the downstream protein. The level of TGF-β, pSmad2, and pSmad3 proteins in HEC-1A cells 
were significantly decreased after silencing, but no significant changes in Smad2 and Smad3 proteins were observed (Fig. 6f and g). 

3.7. Knockdown of GGTLC1 suppresses tumor growth in vivo 

Next, we conducted in vivo experiments to confirm the tumor-suppressive role of GGTLC1 silencing, with the results shown in 
Fig. 7. The volume and size of the tumors originating from HEC-1A cells with stable GGTLC1 knockdown were considerably smaller 
(Fig. 7a). The same corresponding trend was observed for tumor weight (Fig. 7b). Meanwhile, the tumor volume was monitored every 
2–3 days to plot a growth curve. We found that compared to the shNC group, the speeds of tumor growth in the shGGTLC-1/2 groups 
were dramatically suppressed (Fig. 7c). Accordingly, GGTLC1 knockdown markedly repressed EC tumor growth and proliferation in 
vivo. 

4. Discussion 

There are approximately 7 % of new instances of EC among women in affluent countries, and it is the most common type of invasive 
gynecological cancer among women [18]. However, the incidence of EC is still increasing due to the trend of global obesity as well as 
the progressive aging of our society [19]. Identifying novel diagnostic and therapeutic targets for EC is therefore essential. GGTLC1, as 
a protein-coding gene, has been rarely studied in cancers, and GGTLC1 was highly expressed in EC cells and human EC tissues in our 
study. Furthermore, ROC curve analysis suggested that GGTLC1 may be a putative diagnostic biomarker for EC. 

The elevated expression of GGTLC1 in EC supports the idea that it may be essential for developing tumors, which is supported by EC 
cell line research. We found that knocking down GGTLC1 expression mediated by lentivirus vectors induced a decrease in proliferation 
and migration, as well as induced apoptosis and the arrest in the G0/G1 phase. Based on these results, GGTLC1 is presumed to be a 
potent tumor-promoting factor in EC. 

In this study, we identified the TGF-β/Smad signaling pathway as a downstream pathway of GGTLC1 in EC. Specifically, we 
demonstrated that knockdown of GGTLC1 inhibits this signaling pathway. Previous studies have highlighted a biphasic role for TGF-β 
signaling in EC development. Notably, elevated levels of SMAD7 have been shown to accelerate EC progression by inhibiting this 
pathway [20]. Furthermore, impaired TGF-β signaling, associated with loss of growth inhibition, has been observed in the early stages 
of EC [21], while enhanced expression of TGF-β is linked to increased cell proliferation in later stages [22], corroborating the findings 
of our current investigation. The TGF-β pathway is critically involved in regulating cell cycle and apoptosis [23]. In our study, 
knockdown of GGTLC1 in EC cells was shown to induce G0/G1 phase arrest and apoptosis, underscoring the significance of GGTLC1 as 
a key regulator of these cellular processes in EC. 

Furthermore, enrichment analyses were conducted to explore the gene functions and pathways associated with GGTLC1. Notably, 
our findings indicated significant enrichment in GO categories such as fatty acid derivative metabolic processes and glucuronate 

Fig. 4. GGTLC1-shRNA repressed the proliferation and migration of HEC-1A cells. a, b GGTLC1 protein expression was lower in shGGTLC1 cells 
compared to negative control (NC) cells, as detected by western blotting. c A time-course study displayed the proliferation of shNC and shGGTLC1 
cells, as detected by CCK8 assay. d, e GGTLC1 knockdown inhibited colony formation in HEC-1A cells. f, g GGTLC1 knockdown inhibited the 
proliferation of HEC-1A cells, as measured by EdU proliferation assay. h, i Silencing GGTLC1 suppressed the migration rate of HEC-1A cells, as 
measured by wound-healing assay. j, k Silencing GGTLC1 suppressed the migration ability of HEC-1A cells using Transwell assay. Each experiment 
was repeated at least three times, statistical test was applied using one-way analysis of variance test. The scale bars in f and j measure 50 μm in 
length, and the scale bar in h is 100 μm. The raw data of WB can be found in the supplementary file’s Fig. 4(a). 
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metabolic processes, both of which have previously been linked to EC pathophysiology [24]. KEGG pathway analysis highlighted the 
critical roles of steroid hormone biosynthesis and cytochrome P450 metabolism. Sex steroid hormones are crucial in the patho
physiology of EC [25]. Specifically, cholesterol is converted into pregnenolone by mitochondrial cytochrome P450 enzymes, initiating 
the biosynthesis of steroid hormones like estrogen and progesterone, which are pivotal in EC development [26]. Additionally, the 
initial hydroxylation step in estrogen metabolism is catalyzed by cytochrome P450 enzymes [27]. Collectively, these results under
score the crucial involvement of cytochrome P450 and steroid hormones in the molecular mechanisms driving EC. 

The methylation of DNA promoter regions represents a significant epigenetic process that is crucial to the development of cancer. In 
accordance with this, abnormal DNA methylation is an early step during EC development [28]. According to our research, the variation 
in GGTLC1 methylation levels was significant, while the methylation site cg05002642 and survival probability were significantly 
correlated. To some extent, hypomethylated GGTLC1 may serve as a factor in assessing prognostic confidence. 

Growing evidence has suggested that immune cells play a major and complex role in tumor progression [29–31]. A previous 
investigation revealed the gene GGTLC1 as a potential immune pathway mediator of treatment resistance in breast cancer [14]. 
Therefore, we investigated the potential connection between GGTLC1 and immune cells that further penetrate EC. Th1 and Th2 are the 
two primary types of CD4+ T lymphocytes, and the balance of the two is crucial to the control of the immune response to tumors [32]. 
Our research revealed that the infiltration of Tgds, T helper cells, Th1 cells, and Th2 cells was adversely correlated with GGTLC1 
overexpression, suggesting that GGTLC1 influences EC immunity by controlling immune cell invasion. According to the previous 
study, establishing a balance between Th1-high and Th1-low is important for reaching a favorable outcome for cancer [33]. Previous 
research has also suggested that some malignancies are accelerated by an imbalance of helper T cells, cytotoxic T cells, or Th1/Th2 
subsets [34,35]. Tgd cells are a unique subgroup of CD3+ T cells that support the body’s defense mechanisms against cancer [36,37]. 
This research may provide a novel immunotherapy target for predicting EC. 

Our study, however, is not without limitations. Firstly, we did not conduct rescue experiments by applying inhibitor of the TGF- 
β/Smad pathway after overexpressing GGTLC1 to see if this could reverse cell function. Secondly, we did not experimentally validate 
the promoter methylation profile in EC cell lines, such as using molecular biology methods to verify this finding. Thirdly, we did not 
further evaluate the interaction between GGTLC1 and immune cell infiltration through experiments. These regrets will be addressed in 
our future research, in order to enable GGTLC1 to be applied as a targeted therapy for endometrial cancer as soon as possible, and to 
transform basic research into clinical application. 

5. Conclusions 

In conclusion, our research identified a novel method by which GGTLC1 knockdown hindered EC development via the TGF-β/Smad 
signaling pathway and proved a statistical relationship between GGTLC1 expression and DNA methylation and immune cell infiltration 
in EC. According to our research, GGTLC1 may be a novel treatment target for EC. 
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