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Abstract: TMEM121 is a six-pass transmembrane protein consisting of an N-terminal transmembrane domain (TD; 
residues 1-284) and a C-terminal polyproline sequence (PP; residues 284-319). In this study, publicly accessible 
databases were utilized to ascertain that TMEM121 correlates with various cytokines associated with the MAPK 
signaling pathway in cervical cancer. Furthermore, TMEM121 expression was negatively correlated with ERK expres-
sion in cervical cancer tissues. Protein interaction prediction using AlphaFold3 suggested an interaction between 
TMEM121 and ERK1/2, which was experimentally validated through Co-immunoprecipitation and immunofluores-
cence analyses. Both full-length TMEM121 and the TD truncator interacted with ERK and downregulate p-ERK1/2 
protein levels, thereby inhibiting the proliferation and invasion of cervical cancer cells. In contrast, the PP truncator 
did not exhibit these effects. RNA-seq analysis further confirmed a significant association between TMEM121 and 
the MAPK signaling pathway in cervical cancer. Additionally, flow cytometry analysis showed that the ERK inhibitor 
PD98059 reversed the S phase cell cycle arrest induced by TMEM121 overexpression. Collectively, these findings 
suggest that TMEM121 exerts its inhibitory effects on the growth, proliferation, and invasion of cervical cancer cells 
through its interaction with ERK, providing a theoretical basis for the development of novel diagnostic and therapeu-
tic strategies for cervical cancer.
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Introduction

Cervical cancer ranks as the fourth most com-
mon malignancy among women worldwide, 
with approximately 604,127 new cases and an 
estimated 341,831 deaths reported in 2020, 
with 85% of which occurred in developing coun-
tries [1]. Despite the availability of effective 
screening and vaccination programs, cervical 
cancer remains a significant challenge in under-
developed regions [2-5]. The disease primarily 
comprises squamous cell carcinoma, adeno-
carcinoma, mixed carcinoma, and small cell 
carcinoma. Squamous cell carcinoma, arising 
from squamous epithelial cells on the cervical 
surface, accounts for 70% to 90% of all cases. 

HeLa and SiHa cells, commonly used cell lines, 
serve as representative models for studying 
cervical adenosquamous carcinoma [6-8]. 
Cervical cancer originates from the abnormal 
proliferation of cervical epithelial cells, which 
progresses to precancerous lesions. As le- 
sions advance, cancer cells penetrate the base-
ment membrane, invade cervical tissues, and 
develop into invasive carcinoma [9]. The malig-
nancy subsequently spreads to adjacent tis-
sues, lymph nodes, and distant organs [10]. 
Dysregulated genes involved in DNA replication, 
mitosis, cell cycle regulation, and metastasis 
have been implicated in the pathogenesis of 
squamous cell carcinoma [10, 11]. These alter-
ations drive sustained proliferation, apoptosis 
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resistance, and tissue invasion through imbal-
ances in multigene interactions. Key signaling 
pathways affected include the Mitogen-
Activated Protein Kinase (MAPK) and PI3K/
Akt/mTOR pathways [12-14].

The MAPK signaling pathway regulates cellular 
activities, including proliferation, differentia-
tion, survival, and apoptosis [15, 16]. Mem- 
bers of the MAPK family include Extracellular 
Signal-Regulated Kinase (ERK), p38, and c-Jun 
N-terminal Kinase (JNK) [17], with the MAPK-
ERK pathway playing a central role in cell prolif-
eration and differentiation [16]. The pathway is 
activated by extracellular signals such as 
growth factors and cytokines, which bind to 
receptor tyrosine kinases (RTKs) and trigger 
phosphorylation cascades. Activated ERK tran- 
slocates to the nucleus, modulating gene exp- 
ression by activating transcription factors and 
regulating physiological processes [18-20]. 
Identifying inhibitors of the MAPK/ERK path-
way offers significant therapeutic potential for 
cervical cancer [21, 22].

The TMEM121 gene, located on chromosome 
14, encodes a six-transmembrane protein con-
sisting of 319 amino acids [23]. Our laboratory 
was the first to clone TMEM121 and demon-
strate its conservation across mammals. 
Preliminary studies revealed that TMEM121 
significantly reduces the migratory capacity of 
HeLa cells, correlating with a notable down-
regulation of B-cell lymphoma 2 (BCL-2), cyto-
solic protein D1, and cytosolic protein E2,  
as well as up-regulation of other proteins. 
TMEM121 has been identified as a novel 
repressor of cervical carcinogenesis, with 
promising clinical implications [24]; however, 
its precise molecular mechanism remains to be 
elucidated. Previous studies indicate that 
TMEM121 inhibits MAPK signaling, as evi-
denced by luciferase reporter assays and sup-
pression of ERK phosphorylation in cardiomyo-
cytes [23]. This suggests that TMEM121 may 
exert its inhibitory effect on cervical cancer 
through the ERK pathway.

Structurally, TMEM121 features an N-terminal 
transmembrane domain with ERK docking site 
(D domain) and a C-terminal proline-rich 
sequence (PXXP) [25]. It has been reported 
that a single nucleotide polymorphism (SNP) in 
the PXXP sequence binds SH3 domain-contain-
ing proteins, potentially regulating ERK pathway 

activity [26]. Additionally, the D domain may 
facilitate specific protein-protein interactions, 
directly or indirectly influencing MAPK pathway 
activation.

To elucidate the mechanism of TMEM121 in 
targeting the ERK pathway, we propose inte-
grating bioinformatics and experimental biolo-
gy approaches. These include analysing gene 
expression data, protein interaction networks, 
and signaling pathways, coupled with gene 
knockdown, overexpression and protein inter-
action studies. This research aims to provide 
new insights into the role of TMEM121 as an 
anti-cancer agent, contributing to novel thera-
peutic strategies for cervical cancer.

Materials and methods

cBioPortal analysis

cBioPortal for Cancer Genomics (http://cbio-
portal.org) is a comprehensive, publicly acces-
sible resource for exploring cancer genomics 
data. The platform currently hosts molecular 
and clinical data from approximately 5,000 
tumor samples across 20 cancer types, 
enabling researchers to investigate cancer 
genomics profiles and related attributes. In the 
present study, cBioPortal was utilized to ana-
lyze the differential expression of TMEM121 
and key factors of the MAPK pathway in cervi-
cal cancer.

The human protein atlas

The Human Protein Atlas (https://www.protein-
atlas.org/about) provides a publicly accessible 
resource comprising 12 discrete sections, 
including tissue specificity, pathology, struc-
ture, and protein interactions. Researchers can 
freely access transcriptomics and related 
resources through this platform. In this study, 
the Human Protein Atlas was employed to 
investigate the expression of the TMEM121 
and ERK proteins in both cervical cancer and 
adjacent non-cancerous tissues.

The AlphaFold syste

AlphaFold system (https://alphafold.ebi.ac.uk), 
developed by DeepMind, is an advanced  
protein structure prediction system that lever-
ages deep learning algorithms to accurately 
model three-dimensional protein structures 
based on amino acid sequences. The predic-
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tions cover nearly all molecular complexes in 
the protein database and include confidence 
scores ranging from 0 to 100, with higher 
scores indicating greater reliability. This study 
used AlphaFold to predict the interaction struc-
ture between TMEM121 and its truncations 
with ERK.

The UniProt database

The UniProt database (https://www.uniprot.
org/) is a widely-used, comprehensive reposi-
tory for protein sequence and function annota-
tions, maintained by leading bioinformatics 
organizations. UniProtKB, the Knowledgebase 
of UniProt, provides extensive details on pro-
tein sequences, lengths, structural domains, 
subcellular localization, and other functional 
annotations, assisting researchers in protein 
functions analysis. In this study, UniProt was 
used to obtain foundational information on 
TMEM121.

Simple modular architecture research tool 
(SMART) website analysis

SMART is a web-based tool designed for identi-
fying and analyzing protein structural domains, 
particularly in multi-domain proteins. It facili-
tates the prediction and annotation of function-
al domains, enabling insights into their biologi-
cal roles and involvement in specific signaling 
pathways. This study employed SMART to 
investigate the structural domain architecture 
of TMEM121.

Cell culture and transfection

The human cervical cancer cell lines, HeLa  
and SiHa, were maintained in our laboratory. 
HeLa and SiHa cells were cultured in DMEM 
medium supplemented with 10% fetal bo- 
vine serum and 1% penicillin-streptomycin-
amphotericin B. The cells were incubated at 
37°C with 5% CO2. For overexpression ex- 
periments, HeLa and SiHa cells were trans- 
fected with the following plasmids: pCMV-
Tag2B-TMEM121 (TMEM121), the empty con-
trol plasmid pCMV-Tag2B (Control), pSUPER-
TMEM121 interfering siRNA (RNAi), its con- 
trol pSUPER (Control), pCMV-Tag2B-TMEM121-
TD (TMEM121-TD), pCMV-Tag2B-TMEM121-PP 
(TMEM121-PP), and pCMV-HA-ERK1/2 (ERK-
HA). Transfection were performed using the 

Lipo8000 reagent according to the manufac-
turer’s instructions.

Cell counting kit-8 (CCK-8) cell proliferation 
assay

Following a 24-hours transfection period, cells 
were harvested, resuspended in medium con-
taining 10% fetal bovine serum, plated in 
96-well plates, and incubated for 24, 48, and 
72 hours. For cell viability assays, 10 μL of 
CCK-8 reagent was added to each well, and 
absorbance was measured at 450 nm after 1 
hour of incubation in a 37°C incubator using an 
enzyme marker (Bio-Rad Laboratories, Inc.).

Transwell invasion assay

To assess cell migration, 24-hours post-trans-
fection, cells were resuspended in serum-free 
medium and seeded into the upper chamber of 
a transwell, pre-coated with matrix gel. After 24 
hours of incubation at 37°C, cells were fixed 
with formaldehyde for 30 minutes, stained with 
crystal violet for 15 minutes, and the upper 
layer of non-migratory cells was removed using 
a swab. Migrated cells were observed and pho-
tographed under a 10× microscope.

Western blotting

For protein extraction, cells were lysed 48 
hours post-transfection in ice-cold RIPA buffer 
containing protease and phosphatase inhibi-
tors. Protein concentration was determined 
using the BCA method, and proteins were sepa-
rated by Sodium Dodecyl Sulfate-Polyacrylamide 
Gel Electrophoresis (SDS-PAGE) and trans-
ferred to methanol-activated PVDF membrane. 
The membrane was blocked with 6% skim milk 
at room temperature for 2 hours, followed by 
overnight incubation with primary antibodies 
targeting tubulin (MedChemExpress), ERK (Cell 
Signaling Technology, Inc.), p-ERK (Cell Signaling 
Technology, Inc.), and TMEM121 (OriGene 
Technologies, Inc.) at 4°C. After washing the 
membrane three times with TBST, secondary 
antibodies were applied at room temperature 
for 1 hour, followed by three additional washes 
with TBST. The membrane was developed with 
an ultra-sensitive ECL chemiluminescent sub-
strate, and densitometry was conducted using 
ImageJ v1.52a software (http://imagej.org, 
National Institutes of Health).
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Co-immunoprecipitation (Co-IP)

For Co-IP, cells were lysed 48 hours post-trans-
fection in ice-cold RIPA buffer containing prote-
ase and phosphatase inhibitors. Pre-treated 
anti-HA, anti-FLAG and protein A/G immunopre-
cipitation magnetic beads (Selleck) were incu-
bated with the cell lysate overnight at 4°C. The 
supernatant was removed following magnetic 
separation, and the precipitates were washed 
three times with PBST. The immunocomplexes 
were then incubated with protein uploading 
buffer, boiled, and subjected to SDS-PAGE.

Immunofluorescence

For immunofluorescence staining, cells were 
fixed with formaldehyde for 20 minutes 24 
hours post-transfection, washed three times 
with PBS, and permeabilized with 5% Triton 
X-100 for 20 minutes. Cells were incubated 
with 10% foetal bovine serum for 2 hours at 
room temperature, followed by overnight incu-
bation with primary antibodies against HA and 
DYKDDDDK tag (Wuhan Proteintech Group Inc.) 
at 4°C. After three washes with PBST, cells 
were incubated with fluorescent secondary 
antibody for 1 hour at room temperature, fol-
lowed by three washes with PBST. Nuclei were 
stained with 4’, 6-diamidino-2-phenylindole 
(DAPI) for 5 minutes at room temperature. After 
final washes, cells were mounted on slides with 
an anti-fluorescence quencher, sealed with 
glycerol to prevent light exposure, and observed 
using a Zeiss Apotome orthotropic fluorescence 
microscope.

Flow cytometry

Flow cytometry (BD Biosciences) was used to 
analyze cell cycle and apoptosis. For cell cycle 
analysis, cells were collected 48 hours after 
transfection, washed with PBS, and fixed with 
70% ethanol at 4°C overnight. Fixed cells were 
then collected by centrifugation and stained 
according to the instructions of Propidium 
Iodide (PI) kit. For apoptosis analysis, cells were 
washed with PBS and stained according to the 
instructions of Annexin V-FITC/PI Assay Kit (BD 
Biosciences).

RNA extraction and reverse transcription quan-
titative PCR (qRT-PCR)

Cells were collected 48 hours after transfec-
tion and total RNA was extracted 48 hours 

post-transfection using the Vazyme RNA ex- 
traction kit (Vazyme Biotech Co., Ltd.) accord-
ing to the manufacturer’s instructions. cDNA 
synthesis was performed using the Yeasen 
cDNA synthesis kit (Yeasen Biotechnology, 
Shanghai, Co., Ltd.). Real-time quantitative PCR 
was performed using SYBR Premix Ex Taq II 
(Takara Bio, Inc.), with the following cycling con-
ditions: 50°C for 2 minutes, 95°C for 5 min-
utes, followed by 40 cycles of 95°C for 15 sec-
onds and 60°C for 40 seconds. GAPDH was 
used as an internal reference, and the relative 
expression of genes was calculated using 2^(-
ΔΔCq) method.

RNA sequencing

For RNA sequencing, total RNA was extracted 
from control and TMEM121-overexpressing 
HeLa cells using QIAzol Lysis Reagent. RNA 
concentration and purity were examined using 
a Nanodrop 2000. Following Illumina’s guide-
lines (San Diego, CA), mRNA was enriched, frag-
mented, and converted to cDNA. After adapter 
ligation, sequencing was conducted on the 
NovaSeq X Plus platform (Shanghai Meiji 
Biomedical Technology Co.). Raw data were 
quality-controlled using the fastp software, and 
differential expression was analyzed using 
DESeq2. Differentially expressed genes were 
classified based on biological processes, cellu-
lar components, and signaling pathways using 
the Gene Ontology (GO) (http://geneontology.
org/) and the Kyoto Encyclopedia of Genes  
and Genomes (KEGG) (https://www.genome.
jp/kegg/) databases.

Statistical analysis

All experiments were performed in triplicate. 
Statistical analyses were conducted using 
GraphPad Prism 8.0 (GraphPad Software, Inc., 
San Diego, CA, USA). Data were first tested for 
normality via the Shapiro-Wilk test and homo-
geneity of variance via Levene’s test to meet 
the assumptions of one-way analysis of vari-
ance (ANOVA). Differences among multiple 
groups were analyzed by one-way ANOVA.  
When a significant overall effect was obser- 
ved (P < 0.05), pairwise comparisons were  
performed using Tukey’s honest significant  
difference (HSD) test as appropriate. All data 
are presented as mean ± standard deviation 
(SD), and statistical significance was set at p < 
0.05.
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Results

TMEM121 is associated with the MAPK signal-
ing pathway involved in cervical cancer regula-
tion

To investigate the role of TMEM121 in cervi- 
cal cancer regulation, we analyzed the correla-
tion between TMEM121 expression levels and 
key molecules in the MAPK signaling path- 
way using the cBioPortal platform. TMEM121 
expression levels were found to positively cor-
relate with Insulin-like Growth Factor 2 (IGF2) 
and IGF1, while showing negative correlation 
with Jun Proto-Oncogene (JUN), Ste20-Like 
Kinase (SLK), Specificity Protein 1 (SP1), RAF 
Proto-Oncogene Serine (RAF1), and ETS Proto-
Oncogene 2 (ETS2) (Figure 1). No significant 
correlation was observed between TMEM121 
and Epidermal Growth Factor Receptor (EGFR). 
These results suggest that TMEM121 is closely 
associated with the expression of MAPK path-
way members, potentially contributing to cervi-
cal cancer development and progression.

Expression differences of TMEM121 and 
ERK1/2 in adjacent non-cancerous tissues 
and cervical cancer tissues

Further analysis using The Human Protein Atlas 
compared TMEM121 and ERK1/2 expression 
levels in human cervical cancer tissues and 
adjacent non-cancerous tissues. Immunohis- 
tochemical staining demonstrated significantly 
decreased TMEM121 expression and increased 
ERK1/2 expression in cervical cancer tissues 
compared to adjacent non-cancerous tissues 
(Figure 2A, 2B), indicating an inverse correla-
tion between the two proteins in pathological 
tissues (Figure 2C).

Interaction between TMEM121 and ERK

Structural predictions using AlphaFold 3 identi-
fied potential interaction between TMEM121 
and ERK1/2. Specifically, TMEM121’s T139 
forms a hydrogen bond with ERK1’s D338; 
K213 with ERK1’s D179; M1 and V2 with 
ERK2’s D318 and D321, respectively; and R68 
with ERK2’s D162 (Figure 3A, 3B). These re- 
sults suggest four potential interaction sites at 
the molecular level.

To validate these interactions, co-transfection 
of plasmids expressing TMEM121 and ERK1/2 

into HeLa and SiHa cells was followed by immu-
nofluorescence staining, which showed co-
localization of TMEM121 and ERK1/2 at the 
cell membrane (Figure 3C). This observation is 
consistent with the characteristic of TMEM121 
as a six-pass transmembrane protein. Co-IP 
experiments further confirmed this interaction. 
Immunoprecipitation of HeLa cell lysates with 
anti-TMEM121 (FLAG) antibodies followed by 
Western blotting detected ERK1/2-HA in the 
precipitated complex. Similarly, HA-tagged 
beads detected TMEM121-FLAG in co-precipi-
tates (Figure 3D), confirming a direct or indirect 
interaction between TMEM121 and ERK1/2.

Interaction between TMEM121 truncated 
forms and ERK, with the TD truncated form 
inhibiting ERK activation

Mitogen-activated protein kinase kinase 1 
(MEK1) catalyzes ERK phosphorylation through 
its kinase activity, activating ERK and facilitat-
ing downstream signal transduction [17]. 
TMEM121 is hypothesized to regulate signal 
transduction processes at the cell membrane. 
Protein structural information for TMEM121, 
ERK, and MEK1 was analyzed using the UniProt 
database, and their domain compositions and 
interactions are illustrated in Figure 4A.

Subsequent experiments explored the distinct 
biological functions of TMEM121’s TD and PP 
domains. AlphaFold 3 predicted that both 
domains containing binding sites for ERK1/2. 
To test this, HeLa cells were transfected with 
plasmids expressing full-length TMEM121 or 
its truncated forms (TD and PP truncants). 
Co-IP experiments demonstrated that both 
truncants interact with ERK1/2 (Figure 4B, 4C). 
Western blot analysis revealed that overexpres-
sion of full-length TMEM121 or the TD trunca-
tor significantly downregulated p-ERK levels, 
whereas the PP truncator had no effect on 
p-ERK expression (Figure 4D, 4E). These 
results suggest that TMEM121 and its TD trun-
cator modulate ERK phosphorylation.

Impact of TMEM121 and its truncated forms 
on proliferation and invasion of cervical cancer 
cells

Analysis using the SMART database identified 
the D domain in MEK1. This domain serves as 
an essential attachment site for the ERK sub-
strate, promoting its phosphorylation [27]. To 
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Figure 1. Correlation between the mRNA ex-
pression level of TMEM121 and MAPK path-
way-related genes in cervical cancer sam-
ples (cBioPortal). A. TMEM121 vs. EGFR; B. 
TMEM121 vs. ETS2; C. TMEM121 vs. JUN; 
D. TMEM121 vs. IGF1; E. TMEM121 vs. 
IGF2; F. TMEM121 vs. SLK; G. TMEM121 vs. 
RAF1; H. TMEM121 vs. SP1; P values less 
than 0.05 were considered significant. The 
correlation between the two genes was ana-
lyzed using Spearman’s rank correlation and 
Pearson’s correlation coefficient. n = 275.



TMEM121 suppresses cervical cancer via ERK pathway

76	 Am J Cancer Res 2026;16(1):70-87

investigate the biological functions of TD trun-
cants containing the D domain in cervical can-
cer cells, CCK-8 assays were performed (Figure 
5A). Overexpression of TMEM121 and TD trun-
cants significantly reduced HeLa and SiHa cells 
viability at 24, 48 and 72 hours, whereas the 
knockdown of TMEM121 and overexpression of 
PP truncator showed no significant changes 
compared to the control group. A transwell inva-
sion assay revealed that overexpression of  
the TMEM121 and TD truncator significantly 
reduced HeLa cells invasion, while TMEM121 
knockdown increased invasion (Figure 5E, 5F). 
No discernible changes were observed in the 
PP group. Flow cytometry analysis showed no 
significant differences in apoptosis among 
TMEM121-overexpressing HeLa cells (Figure 
5B, 5C). However, immunofluorescence analy-
sis of Ki-67 protein, a tumour cell proliferation 
marker, demonstrated significantly reduced 

Ki-67 expression in cells overexpressing 
TMEM121 and TD truncator, with no changes in 
the PP group (Figure 5D). These results sug-
gest that TMEM121 and TD truncator suppress 
cervical cancer cells proliferation and invasion 
by downregulating ERK phosphorylation, inde-
pendent of apoptosis.

RNA-seq analysis of the impact of TMEM121 
overexpression on the multi-gene expression 
profile in HeLa cells

To further explore TMEM121’s role in cervical 
cancer and its impact on the MAPK signaling 
pathway, the transcriptome of TMEM121-
overexpressing HeLa cells using RNA-seq was 
analyzed. Total RNA was extracted, and three 
biological replicates were analyzed per group 
using the Megji Bio Cloud Platform. Principal 
Component Analysis (PCA) confirmed the repro-

Figure 2. Expression of TMEM121 and ERK1/2 in paracancerous tissues and cervical cancer tissues (The human 
protein atlas). A, B. Immunohistochemical staining of TMEM121 and ERK1/2 in paracancerous tissues and cervical 
cancer tissues of patients, and quantitative analysis of the percentage of positively stained area; C. Immunohis-
tochemical staining and quantitative analysis of the percentage of positively stained areas revealed a significant 
negative correlation between TMEM121 and ERK1/2 expression levels n = 3; ***P < 0.001.
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ducibility and reliability of the data (Figure 6A). 
A volcano plot revealed 1,294 differentially 
expressed genes (DEGs), including 895 upregu-
lated and 399 downregulated DEGs (Figure 
6D). A clustering heatmap highlighted the top 
49 significant DEGs (Figure 6F), while a chord 
diagram identified 20 DEGs related to the cell 
cycle, migration, proliferation, and MAPK sig-
naling pathway (Figure 6C). KEGG pathway and 
GO enrichment analyses of the DEGs revealed 
significant involvement of the MAPK signaling 
pathway (Figure 6B) and cellular functions such 
as DNA replication, cell cycle regulation, and 
migration. Figure 6E displayed the top 20 sig-
nificant GO terms.

Several key DEGs were selected for qRT-PCR 
validation, including MAPK pathway-associated 
genes (Kit ligand (KITLG), delta subunit 1 
(CACNA2D1), Conserved helix-loop-helix ubiqui-
tous kinase (CHUK), Mitogen-activated protein 
kinase 3 (MAPK3), Mitogen-activated protein 
kinase kinase 7 (MAP2K7) [28-32], cell cycle 
regulators (Retinoblastoma 1 (RB1), Leukemia 
inhibitory factor receptor (LIFR), Rho family 
GTPase 3 (RND3), Rho GTPase-activating pro-
tein 5 (ARHGAP5) [33-36], migration-related 
genes (Mucin 1 (MUC1) and Mesenchymal-
epithelial transition factor (MET), an oxidative-
reduction gene (Glucose-6-phosphate dehydro-
genase (G6PD) [37-41], and a DNA damage 

Figure 3. Interaction between TMEM121 and ERK1/2. A. AlphaFold 3-predicted interaction model between 
TMEM121 and ERK1, showing two interaction sites. TMEM121 is depicted in purple and ERK1 in green. B. Al-
phaFold 3-predicted interaction model between TMEM121 and ERK2, showing two interaction sites. TMEM121 is 
depicted in purple and ERK2 in orange. C. Immunofluorescence staining of HeLa and SiHa cells co-transfected with 
TMEM121 and ERK. ERK is labeled with green fluorescence, TMEM121 with red fluorescence, and the nucleus 
with blue fluorescence. Scale bar = 50 μm. Magnification is 10× and 40×. D. Confirmation of interaction between 
TMEM121-FLAG and ERK-HA by Co-IP.
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repair gene (Alpha-thalassemia (ATRX)) [42]. 
The qRT-PCR results (Figure 7) confirmed that 
the expression changes of these 13 DEGs were 
consistent with the RNA-seq data.

TMEM121 inhibits cervical cancer cell pro-
liferation and invasion by suppressing ERK 
phosphorylation

PD98059, a specific inhibitor of ERK phosphor-
ylation, blocks MEK1 activation upstream of 
ERK. To investigate whether TMEM121 can 
suppress the oncological function of HeLa cells 
lacking ERK phosphorylation, flow cytometry 
and transwell invasion assays were performed. 
As shown in Figure 8A, TMEM121 overexpres-
sion increased the proportion of HeLa cells in 
the S-phase cells while reducing those in the 
G1/G0 phase, indicating S-phase arrest. This 
effect was abolished upon treatment with 
PD98059. Western blot analysis showed that 
ERK phosphorylation levels were significantly 
reduced following overexpression of TMEM121 
in both HeLa and SiHa cells (Figure 8B, 8D-F). 
PD98059 treatment prominently suppressed 
p-ERK expression regardless of TMEM121 

overexpression. However, there were no sig- 
nificant differences in the levels of ERK phos-
phorylation between control and TMEM121-
overexpressed groups in PD98059-treated 
cells. Transwell invasion assay further demon-
strated that PD98059 treatment reversed the 
reduction in HeLa cell invasion caused by 
TMEM121 overexpression (Figure 8C). The 
results confirm that TMEM121 regulates cervi-
cal cancer cells proliferation and invasion by 
regulating p-ERK expression through its inter-
action with ERK.

Discussion

In this study, we employed bioinformatics and 
experimental biology to demonstrate that 
TMEM121 inhibits the proliferation and mi- 
gration of HeLa and SiHa cells. The key findings 
are as follows: (1) bioinformatics analysis 
revealed a negative correlation between 
TMEM121 and ERK expression in cervical can-
cer tissues; (2) structural analysis demonstrat-
ed that both domains of TMEM121 interact 
with ERK, with the TD truncator exerting an 
inhibitory effect on cervical cancer; and (3) inhi-

Figure 4. Interaction of TMEM121 truncated forms with ERK and their effect on ERK activation. A. Structural analy-
sis and schematic representation of proteins using the UniProt database. MEK1 includes the D domain (purple), 
kinase domain (blue), and PP domain (orange); ERK1/2 contains docking sites (purple) and phosphorylation sites 
(blue); TMEM121 features transmembrane domains (pink), the D domain (purple), and a polyproline sequence (PP 
domain) (orange). B, C. Western blot of p-ERK expression with grayscale analysis; Control, empty vector; *P < 0.05; 
**P < 0.01; ns, not significant. D. Confirmation of interaction between TMEM121-TD-FLAG and ERK-HA by Co-IP. E. 
Confirmation of interaction between TMEM121-PP-FLAG and ERK-HA.
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bition of ERK phosphorylation negated the 
inhibitory effect of TMEM121. These results 
suggest that TMEM121 modulates cervical 
cancer progression through interactions with 
ERK, highlighting its potential as a therapeutic 
target.

Using UALCAN, we analyzed TMEM121 expres-
sion levels across cervical cancer samples 
from the TCGA database. TMEM121 expression 
was significantly reduced in cancer subgroups 
compared to normal tissues. Consistent with 
our results, the methylation level of TMEM121 

Figure 5. TMEM121 and truncants influence proliferation and invasion of cervical cancer cells. A. CCK-8 cell viability 
assay in HeLa and SiHa cells; B, C. Effect of TMEM121 on cell apoptosis by flow cytometry and quantitative analysis 
of counted apoptotic cells; D. Immunofluorescence of Ki-67 expression in HeLa cells and quantitative analysis of 
fluorescence intensity, red fluorescence labelling of Ki-67, blue fluorescence labelling of cell nucleus, scale bar = 
200 μm. Magnification is 10×; E, F. Effect of TMEM121 and truncants on cell invasion by transwell assay and quanti-
tative analysis, scale bar = 200 μm. Magnification is 10×. Control: empty vector; RNAi: RNA interference; TMEM121: 
overexpression, **P < 0.01; ***P < 0.001; ns, not significantly different.
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Figure 6. Expression and characterisation of TMEM121 in cervical cancer. A. PCA analysis of triplicates. B. 23 identified significantly activated signaling pathways 
based on KEGG analysis. C. Chordal plots of top 20 DEGs associated with TMEM121. D. Volcano plots of DEGs. E. Top 20 significantly activated biological processes 
based on GO analysis. F. Clustering heatmap of DEGs associated with TMEM121. Control: empty vector; TMEM121 overexpression was identified through the ap-
plication of a log2FC threshold of ≥ 0.80 and a p-value of ≤ 0.05.
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Figure 7. Differentially expressed genes detection by RNA-seq following TMEM121 overexpression and validation by qRT-PCR. Control: empty vector; TMEM121: 
overexpression. *P < 0.05, **P < 0.01, ***P < 0.001.
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promoter was significantly increased in various 
cancerous tissues in comparison to normal tis-
sues [24]. Subsequent analyses confirmed 
diminished TMEM121 expression and elevated 
ERK1/2 expression in cervical cancer tissues. 
Human Protein Atlas revealed a negative cor-
relation between TMEM121 and ERK1/2 ex- 
pression, suggesting that low TMEM121 levels 
may promote tumor progression by activating 
the ERK1/2 signaling pathway.

AlphaFold 3 predicted four interaction sites 
between TMEM121 and ERK1/2, which were 
confirmed using Co-IP. Both the full-length and 
truncated form of TMEM121 were investigated. 
The addition of TD truncator inhibited cervical 

cancer cell proliferation and invasion, accom-
panied by reduced p-ERK levels. Notably, 
PD98059 (an ERK inhibitor that also targets 
p-ERK activity) did not further enhance this 
inhibitory effect when co-administered; instead, 
the suppressive phenotype mediated by the TD 
truncator remained consistent. This observa-
tion supports that TMEM121 inhibits p-ERK 
through direct interaction with ERK1/2, thereby 
impairing cervical cancer cell function - consis-
tent with the shared target of TMEM121 and 
PD98059 in the ERK signaling pathway. The 
low expression of TMEM121, coupled with high 
ERK1/2 expression, further supports the 
hypothesis that TMEM121 loss deregulates 
ERK signaling, contributing to cervical cancer 

Figure 8. Inhibition of TMEM121 on cell proliferation and invasion through suppressing ERK phosphorylation. A. Ef-
fect of TMEM121 on cell cycle by flow cytometry and quantitative analysis of the proportion of S-phase cells. C. Cell 
migratory ability detection by transwell invasion assay; scale bar = 200 μm. Magnification is 10×. B, D-F. Western 
blot of p-ERK expression with grey scale analysis; Control: empty vector; TMEM121: overexpression; *P < 0. 05; **P 
< 0.01; ***P < 0.001; ns, not significantly different.
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progression. RNA-seq analysis demonstrated 
that TMEM121 upregulates ARHGAP5 and 
RND3, downstream targets of ERK signaling 
[43, 44]. ARHGAP5 encodes a RhoA GTPase-
activating protein, which regulates cell migra-
tion by inactivating RhoA [45, 46]. RND3, a 
member of Rho GTPases family, influences cell 
motility, cytoskeletal reorganization, and inter-
cellular adhesion [47, 48]. The inhibitory effects 
of TMEM121 on cervical cancer cell migration 
may extend beyond the ERK pathway. A recent 
study demonstrated that sustained inhibition 
of ERK can prevent the transition of cancer 
cells from the G1 to the S phase, resulting in a 
G1 phase blockade and consequently slowing 
cell proliferation [49]. Interestingly, TMEM121 
was also shown to induce S phase cell cycle 
block, as evidenced by CCK-8 assays and cell 
cycle analyses, which was in line with our previ-
ous study [24]. This effect was not associated 
with increased apoptosis, as flow cytometry 
demonstrated no significant changes in cell 
apoptosis. Instead, the reduction in cell num-
bers was attributed to inhibited proliferation, 
corroborated by reduced Ki-67 expression. Our 
RNA-seq data suggest the involvement of an 
unidentified factor distinct from ERK signaling 
in mediating the S phase block, providing new 
insights into the multifaceted role of TMEM121 
in regulating cervical cancer progression.

The RNA-seq results (Figure 6F) demonstrated 
that Cyclin-Dependent Kinase 6 (CDK6) expres-
sion was significantly elevated, indicating its 
ability to bind cyclin D, form an active complex, 
and drive the G1-to-S phase transition. This 
observation aligns with our previous studies 
[50-53]. Furthermore, BRCA1-Associated ATM 
Activator 1 (BRAT1) expression was found to be 
down-regulated. BRAT1 is known to activate the 
G2/M checkpoint by interacting with DNA repair 
factors, such as Breast Cancer 1 (BRCA1) and 
Ataxia telangiectasia mutated (ATM), thereby 
allowing cells to halt the cell cycle in response 
to DNA damage [54]. Concurrently, the expres-
sion of ATRX, which promotes DNA damage 
detection, is diminished, thereby preventing 
cells from entering mitosis before repair [42]. 
These findings suggest that TMEM121 overex-
pression facilitates the G1-to-S phase transi-
tion, resulting in S phase arrest, while inhibiting 
the S-to-G2/M phase progression.

It is noteworthy that the expression of 
Phosphoinositide-3-kinase regulatory subunit 
2 (PIK3R2), a molecule linked to the PI3K-AKT 

signaling pathway, was significantly reduced, 
indicating that TMEM121 may impede cervical 
cancer cell proliferation via this pathway. We 
previously reported that reduced p-AKT expres-
sion effectively prevents cancer cell migration. 
Bioinformatics analysis further revealed that 
TMEM121 expression is positively correlated 
with AKT Serine/Threonine Kinase 1 (AKT1) 
and negatively correlated with Phosphatidylino- 
sitol-4,5-bisphosphate3-kinase catalytic sub-
unit beta (PIK3CB), Caspase 3 (CASP3), and 
Cadherin 1 (CDH1), key molecules in the PI3K/
AKT signaling pathway [24]. Therefore, we 
hypothesize that AKT1 regulates cell cycle pro-
gression by enhancing Cyclin D expression and 
activating CDK4/6, driving cells into S phase. 
Additionally, AKT1 activates downstream tar-
gets that support cell growth and proliferation, 
further propelling the S phase transition [55-
58]. Although these findings provide valuable 
insights, further studies are required to confirm 
the precise mechanism by which TMEM121 
regulates cell proliferation.

Intriguingly, PP truncator does not exhibit the 
same inhibitory effect on cervical cancer cell 
proliferation and invasion as the TD truncator. 
This suggests that TMEM121 primarily relies on 
the TD truncator for its anti-cancer function. 
The TD truncator contains the D-domain, a con-
served structural motif that interacts with ERK. 
TMEM121 lacks a kinase domain like that of 
MEK1, while cellular sub-localisation experi-
ments demonstrated that TMEM121 co-local-
ised with ERK on the membrane. Based on 
these findings, we hypothesize that TMEM121 
inhibits ERK phosphorylation by competing 
with MEK1 through its D-domain, thereby 
sequestering ERK on the membrane and block-
ing its binding to MEK1. This membrane local-
ization also confines the nuclear translocation 
of p-ERK. In contrast, the PP truncator enhanc-
es the binding of TMEM121 to ERK and pro-
motes ERK membrane localization, yet lacks 
inherent inhibitory activity toward ERK (Figure 
9). The D domain facilitates protein-protein 
interaction with the D recruitment site of ERK1 
and ERK2, which are essential for RAS-
dependent cell transformation and cancer cell 
survival [59]. Thus, targeting this interaction 
may be an effective strategy for cancer therapy. 
If TMEM121 exerts its effects via the D domain, 
artificial modifications of TD could enable the 
development of small molecule peptide drugs 
that specifically inhibit ERK signaling in cervical 
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cancer. Small molecule peptides offer signifi-
cant advantages, including high specificity, effi-
cient cellular penetration, and minimal adverse 
effects.

In conclusion, this study elucidates the pivotal 
role of TMEM121 in suppressing cervical can-
cer cell proliferation and migration. For the first 
time, we used in vitro experiments to explore 
the mechanism of action of TMEM121 in sup-
pressing cervical cancer progression through 
ERK reciprocal inhibition. These findings pro-
vide a novel perspective on personalised medi-
cine, targeted therapy, and precision diagnos-
tics for cervical cancer.
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