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Abstract

Background: Cervical cancer (CC) is a prevalent malignancy in women. RNA-binding motif single-stranded interacting protein 3
(RBMS3) acts as a tumor suppressor in many cancer types, but its role and underlying regulatory mechanisms in CC remain unclear.
Methods: The expression levels of RBMS3 and heat shock protein family A member 6 (HSPA6) were evaluated in clinical CC tissues.
Gain- and loss-of-function assays, transcriptome sequencing, and rescue experiments were performed in CC cell lines and nude mouse
xenograft models. Results: RBMS3 expression was notably lower in CC tissues (n = 306) than in normal cervical tissues (n = 22),
with reduced levels linked to shorter overall patient survival (p < 0.05). Overexpression of RBMS3 reduced cell proliferation, migration,
and invasion in vitro, as well as tumor growth in vivo (p < 0.001). HSPA6 was identified as a key target of RBMS3 and was also
downregulated in CC tissues. RBMS3 potentially binds to HSPA6 mRNA and enhances its stability. Knockdown of HSPA6 reversed
the tumor-suppressive effects of RBMS3 (p <0.001). Conclusions: RBMS3 inhibits CC progression by stabilizing HSPA6 mRNA. The

RBMS3-HSPAG6 axis may represent a prognostic biomarker and therapeutic target in CC.
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1. Introduction

Cervical cancer (CC) is a globally prevalent ma-
lignant tumor among women and presents a significant
public health challenge, particularly in low- and middle-
income regions [1]. The development and progression of
CC involve complex molecular alterations, including ge-
nomic instability, epigenetic silencing, and dysregulated
gene expression [2]. Among these regulatory events, RNA-
binding proteins (RBPs) have emerged as critical post-
transcriptional regulators that modulate mRNA stability,
translation, and degradation [3], thereby controlling mul-
tiple hallmarks of cancer, including cell proliferation, mi-
gration, invasion, and apoptosis [4].

RNA-binding motif single-stranded interacting pro-
tein 3 (RBMS3) has been characterized as a vital tumor-
suppressive RBP in various human cancer types [5,6,7].
RBMS3 is frequently downregulated in cancers of the
breast, lung, esophagus, and colon, and its reduced ex-
pression is closely associated with accelerated tumor pro-
gression, enhanced metastasis, and poor patient progno-
sis [5,6,7]. Mechanistically, RBMS3 exerts its anti-tumor
functions mainly by stabilizing target mRNAs or by regulat-
ing key signaling pathways such as Wnt/p-catenin and liver

kinase B1 (LKB1)/AMP-activated protein kinase (AMPK)
[6,8]. However, the expression and role of RBMS3 in CC
remain poorly understood. Chromosome 3p23-p24, where
RBMS3 resides, is frequently deleted in CC, suggesting its
potential involvement in cervical carcinogenesis [9]. Nev-
ertheless, whether RBMS3 regulates CC progression and its
underlying molecular mechanism remains to be elucidated.

Heat shock protein family A member 6 (HSPAG6)
is a stress-inducible HSP70 family member that exhibits
context-dependent roles in tumorigenesis [10]. It can hin-
der the growth of colorectal cancers [ 1 1], but appears to pro-
mote malignancy in other cancer types [12,13]. HSPAG is
hypermethylated in invasive cervical tumors, implying it is
potentially involved in malignant progression [14]. Never-
theless, the upstream regulatory mechanism of HSPA6 and
its functional relationship with RBMS3 have yet to be ex-
plored in CC.

Drawing from prior research, we posited that RBMS3
acts as a tumor suppressor in CC, exerting its influence on
HSPAG6 through post-transcriptional regulation. The goals
of this study included measuring RBMS3 expression in CC
tissues, evaluating its association with patient outcome, ex-
amining its impact on cancer cell behaviors, identifying

Copyright: © 2026 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/FBL51761
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0004-3718-3127
https://orcid.org/0000-0001-8946-9945
https://orcid.org/0000-0003-4565-8511
https://orcid.org/0009-0005-1531-3071
https://orcid.org/0009-0007-0079-2465
https://orcid.org/0000-0003-4943-1859

downstream genes, and elucidating the relevant molecular
pathways. Our aim was to uncover new biomarkers and
treatment avenues for CC.

2. Materials and Methods

2.1 Cell Lines and Experimental Animals

The human CC cell line C-41 was obtained from the
American Type Culture Collection in the US, and the SiHa
cell line from the National Collection of Authenticated Cell
Cultures in Shanghai. Short tandem repeat (STR) profiling
was used to confirm cell identity and verify mycoplasma-
free status. The cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM; HyClone) supplemented with
10% fetal bovine serum (FBS; Gibco) and maintained in
a humidified incubator at 37 °C and 5% CO,.

Female BALB/c nude mice aged 4-6 weeks and
weighing 18-22 grams (Specific Pathogen-Free [SPF]
grade) were sourced from Shanghai Slack Laboratory Ani-
mal Co., Ltd. The mice were kept in an SPF barrier environ-
ment at the Experimental Animal Center, The First People’s
Hospital of Kunshan. At the termination of each experi-
ment, mice were deeply anesthetized with 1.5% isoflurane
and then euthanized via cervical dislocation, following na-
tional guidelines and an approved ethics protocol.

2.2 Clinical Samples and Tissue Microarray

Between January and December 2024, fresh tumor
and corresponding adjacent normal tissues were collected
from five CC patients at the First People’s Hospital of Kun-
shan between January 2024 and December 2024. None had
undergone radiotherapy, chemotherapy, or targeted therapy
prior to surgery, and all patients gave written consent. This
study also utilized a commercial CC tissue microarray (Cat-
alog number: HUteS168Su01, Shanghai Xinchao Biotech-
nology Co., Ltd.) containing 42 normal and 126 cancer tis-
sues.

2.3 TCGA Database Analysis

Transcriptome data and clinical details on CC were
sourced from the Cancer Genome Atlas (TCGA) database.
This dataset included 22 normal cervical tissue samples, 53
cervical adenocarcinoma samples, and 253 cervical squa-
mous cell carcinoma samples. R software (v4.3.1, R Core
Team, Vienna, Austria) and TCGAbiolinks packages were
used to normalize the data, extract RBMS3 expression lev-
els, and analyze differences via the Kruskal-Wallis test.

2.4 Construction of Overexpression and Interference
Vectors

Overexpression primers and an interference se-
quence were designed using GenBank data for RBMS3
(NM_001003792.3) and HSPA6 (NM _002155.5).
The RBMS3 fragment was inserted into the pLVX-
IRES-Puro  vector to create an overexpression
construct. The HSPA6 shRNA sequence (5'-

ACCTCGACTTCTACACGTCCATCACTTCAAGAGAG
TGATGGACGTGTAGAAGTCTT-3") was cloned into
the pLKO.1 vector for RNA interference; this shRNA
targets the “GACTTCTACACGTCCATCACT” sequence
of HSPA6 mRNA. Empty vectors served as controls. All
constructs underwent sequencing verification.

2.5 Lentivirus Packaging and Cell Infection

The overexpression or interference vectors were co-
transfected with the packaging plasmids psPAX2 and VSV-
G (both from Addgene, USA). When C-4I and SiHa cells
reached the logarithmic growth phase, they were infected
with viral supernatants at an MOI of 10. Then, 8 ug/mL
polybrene was added to enhance infection efficiency. After
24 h, the medium was replaced with fresh medium. Se-
lection was begun 48 h later with 2 ng/mL puromycin for
two weeks, giving rise to RBMS3 stable overexpressing
cell lines (Lv-OE-RBMS3), HSPAG6 stable knockdown cell
lines (Lv-shHSPA6), and matching control cell lines (Lv-
OE-NC, Lv-sh-NC). The success of transfection was ver-
ified using real-time qPCR (RT-qPCR) and Western blot,
and the transduction efficiency was >80%.

2.6 RT-qPCR

A reverse transcription kit (KR116, Tiangen Biotech
Co., Ltd., Beijing, China) was employed to synthe-
size complementary DNA (cDNA), as recommended
by the manufacturer. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) served as the internal refer-
ence for accurate quantification with RT-qPCR. The
primer sequences were as follows: RBMS3 forward
(5'-TGGACCATCCCATGTCAATGC-3") and reverse
(5'-CCAACGAAAGGTGATTCATCTGC-3"); HSPAG6 for-
ward (5'-CATCGCCTATGGGCTGGAC-3') and reverse
(5'-GGAGAGAACCGACACATCGAA-3"); GAPDH
forward (5'-GGAGCGAGATCCCTCCAAAAT-3") and
reverse (5'-GGCTGTTGTCATACTTCTCATGG-3").

2.7 Western Blot Analysis

Cell or tissue samples underwent ice-cold lysis. Pro-
tein levels were precisely measured using the bicinchoninic
acid assay. Equal protein loads were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), and subsequently transferred to polyvinylidene
fluoride (PVDF) membranes. Subsequently, membranes
were incubated with primary antibodies, including RBMS3
(ab272612), HSPAG6 (ab212044), and GAPDH (ab181602)
purchased from Abcam (UK). Afterwards, the membranes
were incubated with a 1:5000 dilution of HRP-linked sec-
ondary antibody at room temperature for one hour to reveal
protein bands, followed by quantification of band inten-
sity via ImageJ (v1.54, National Institutes of Health [NIH],
Bethesda, MD, USA).
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2.8 Immunofluorescence Assay for Protein Localization
and Expression

Cells were incubated with primary antibodies against
RBMS3 (ab272612) and HSPA6 (ab212044) from Abcam
(UK), followed by Alexa Fluor 488- or 594-tagged sec-
ondary antibodies. Nuclei were stained with DAPI for 5
minutes at room temperature. Fluorescence images were
recorded using an Olympus IX83 microscope and analyzed
via Imagel].

2.9 Immunohistochemical Assay for Tissue Protein
Expression

Tissue samples were first blocked with a 5% BSA
solution, followed by incubation with primary antibodies
against RBMS3 (ab272612), HSPA6 (ab212044), and Ki-
67 (ab16667), all purchased from Abcam (UK). Protein ex-
pression levels were assessed using the H-Score system,
which ranges from 0 to 300 and is calculated as the sum
of staining intensity (0—3) multiplied by the proportion of
positive cells, times 100.

2.10 CCK-8 Assay

Cells in the logarithmic growth phase were seeded into
96-well plates at a density of 1 x 103 cells per well, with
five wells per group. Following incubation periods of 0, 12,
24, 48, 72, and 96 h, 10 pL of CCK-8 reagent (Beyotime,
C0037) was added. The absorbance at 450 nm was then
recorded, enabling the construction of detailed cell prolif-
eration curves.

2.11 Colony Formation Assay

Cells were evenly distributed in 6-well plates at 1 x
103 cells per well, with three wells per experimental group.
They were then cultured under standard conditions for 14
days. Once colonies formed, they were fixed with 4%
paraformaldehyde for 15 mins, stained with 0.1% crystal
violet for 30 mins, rinsed, and counted (=50 cells/colony).

2.12 EdU Incorporation Assay

Cells were seeded into 24-well plates at 5 x 10* cells
per well and allowed to grow for 24 h. Subsequently, a 50
puM EdU solution was added. After fixing and permeabiliz-
ing, the cells were treated with Click-iT reaction mix for 30
minutes. The nuclei were stained briefly with DAPI, and
fluorescence microscopy was then used to record images
and determine the percentage of EdU-positive cells.

2.13 Scratch Wound Assay

Cells were evenly distributed in 6-well plates and
grown until they covered 90% of the surface. A sterile
pipette tip was then used to create a straight scratch across
the cell layer. After removing detached cells with PBS,
serum-free DMEM was added. Images of the scratches
were taken at 0 and 24 h using an Olympus CKX41 inverted
microscope. Scratch widths were measured with ImageJ,
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and cell migration distance was determined by subtracting
the 24-h width from the 0-h width.

2.14 Transwell Invasion Assay

Matrigel matrix (Corning, USA) was diluted with
serum-free DMEM in a 1:8 ratio. Subsequently, 50 puL of
this mixture was added to the upper chamber of Transwell
inserts (catalog number: 3422, Corning, USA), while 600
puL of DMEM containing 10% FBS was added to the lower
chamber. A total of 200,000 cells were then resuspended in
serum-free DMEM and placed into the upper chamber. Af-
ter incubation, any remaining non-invading cells were gen-
tly wiped away from the upper side with a cotton swab. Fi-
nally, the invading cells were counted in five random fields
under an inverted microscope.

2.15 Subcutaneous Xenograft Assay in Nude Mice

Mice were randomly assigned to groups (n = 6 per
group). There was no blinding during the experiments or
during the evaluation of results. For each group, 200 pL of
C-41 cells in the logarithmic growth phase (1 x 107 cells per
mL) were injected under the skin on the right dorsal side
of a BALB/c nude mouse. Tumor volume was then mea-
sured every five days using the formula: tumor volume =
length x width? / 2. Tumor growth was tracked by plotting
curves over time. The mice were sacrificed 30 days after
cell injection, and the tumors were removed, weighed, and
photographed. A portion of the tumor tissue was fixed with
4% paraformaldehyde for H&E staining and immunohisto-
chemistry, while the remainder was frozen at —80 °C for
subsequent experiments.

2.16 Transcriptome Sequencing Analysis

Five biological replicates of C-4I and SiHa cells from
both the Lv-OE-RBMS3 and Lv-OE-NC groups underwent
transcriptome sequencing (Shanghai OE Biotech Co., Ltd).
Total RNA was isolated, and libraries were prepared with
the TruSeq Stranded mRNA Library Prep Kit (Cat. No.
20020594, Illumina, Inc., San Diego, CA, USA). Sequenc-
ing was carried out on the Illumina NovaSeq 6000 platform
via a paired-end 150 bp (PE150) strategy, with a minimum
sequencing depth of 6.0 GB (~20-30 million clean reads
per sample).

For bioinformatic analysis, raw FastQ data were
quality-filtered by fastp (v0.23.0, OpenGene, Shenzhen,
China, https:/github.com/OpenGene/fastp) to eliminate
adapters and low-quality reads. Clean reads were then
mapped to the human GRCh38 reference genome using
HISAT2 (v2.2.1, Dachwan Kim Lab, UT Southwestern
Medical Center, Dallas, TX, USA, https://dachwankimla
b.github.io/hisat2/) under default parameters. Gene-level
read counts were quantified via featureCounts (v2.0.1, Wal-
ter and Eliza Hall Institute of Medical Research, Mel-
bourne, VIC, Australia, http://subread.sourceforge.net/).
Differential expression analysis was implemented with the
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DESeq2 (v1.34.0, Bioconductor; https://bioconductor.org
/packages/DESeq2/) R package. Significantly differen-
tially expressed genes (DEGs) were defined as genes with
[logFC| >1 and p-values < 0.05. Gene Ontology (GO) func-
tional annotation and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment were analyzed us-
ing the clusterProfiler (v4.2.0) R package. Overlapping
DEGs across cell lines were visualized by Venny 2.1 (Bioin-
foGP, CNB-CSIC, Madrid, Spain, https://bioinfogp.cnb.cs
ic.es/tools/venny/).

2.17 RNA Immunoprecipitation (RIP) Assay

An RIP kit (catalog number: 17-700, Millipore, USA)
was used for this assay. First, 1 x 107 cells from both the
Lv-OE-RBMS3 and Lv-OE-NC groups were lysed on ice
to maintain intact ribonucleoprotein complexes. After cen-
trifugation of the lysate, the supernatant was divided in two.
One half was incubated with 5 pg of biotin-labeled RBMS3
antibody to pull down the RBMS3-RNA complexes, and
the other half with 5 pg of IgG antibody as a negative con-
trol. Streptavidin magnetic beads (catalog number: P2151,
Beyotime, China) were then added to trap the antibody-
bound complexes. After washing the beads five times to
remove non-specific binding, they were incubated with Pro-
teinase K at 55 °C for 30 minutes to digest proteins and
release the RNA. Following the extraction of the RNA, RT-
qPCR was performed to assess enrichment with HSPA6
mRNA.

2.18 mRNA Stability Assay

Lv-OE-RBMS3 and Lv-OE-NC cells in the logarith-
mic growth phase were incubated with 5 png/mL of actino-
mycin D (Sigma-Aldrich, USA, cat. no. A9415, Sigma-
Aldrich, St. Louis, MO, USA) to halt mRNA synthesis.
Samples were then collected at 0, 1, 3, and 6 h, and the to-
tal RNA was isolated. RT-qPCR was performed to assess
HSPA6 mRNA levels, with residual rates calculated rela-
tive to the 0-h baseline.

2.19 Dual-Luciferase Reporter Assay

Dual-luciferase reporter assays were conducted to as-
sess the potential association between RBMS3 and HSPA6
mRNA. Specifically, the full-length HSPA6 mRNA se-
quence (including a 1932-nucleotide CDS and a 304-
nucleotide 3'UTR region) was inserted into the reporter
constructs.  Within the context of this full-length se-
quence, vectors containing either the wild-type binding
motif AATTTATT (HSPA6-WT) or the mutated sequence
GGCCCGCC (HSPA6-Mutant) were generated to evaluate
binding specificity. This motif corresponds to nucleotides
195-202 of the HSPA6 3'UTR (numbered from the start of
the 3'UTR). These vectors were co-transfected into C-41
and SiHa cells alongside either pLVX-RBMS3 or pLVX-
NC vectors. After 48 h, luciferase activities were measured,
with Renilla activity serving as an internal control for the
calculation of relative activity.

2.20 Statistical Analysis

Each experiment was performed independently and at
least in triplicate. SPSS 26.0 (v26.0, IBM Corporation, Ar-
monk, NY, USA) and GraphPad Prism 9.0 (v9.0, GraphPad
Software, LLC, San Diego, CA, USA) were used for statis-
tical analysis. Data are shown as the mean + standard de-
viation (SD). Before running any tests, the data was exam-
ined for normal distribution and whether the variances were
equal. The two-tailed Student’s z-test was used to compare
two groups. For more than two groups, one-way analysis
of variance (ANOVA) with Tukey’s post hoc test was used.
Overall survival analysis was performed using the clinical
follow-up data linked to the 126 CC samples from the com-
mercial tissue microarray cohort. For this analysis, the me-
dian H-Score obtained from immunohistochemical stain-
ing was established as the predefined cutoff value, strati-
fying patients into “High RBMS3” and “Low RBMS3” ex-
pression groups. The Kaplan-Meier method was utilized to
generate survival curves, and the log-rank test was applied
to evaluate the statistical significance of differences in sur-
vival outcomes. For the results presented in each figure, the
statistical test used is explicitly stated in the corresponding
figure legend. Results were considered to be statistically
significant when the p-value was < 0.05.

3. Results

3.1 RBMS3 is Downregulated in Cervical Cancer Tissues
and Correlates With Poor Patient Prognosis

Analysis of the TCGA database revealed that RBMS3
mRNA levels were significantly lower in both cervical ade-
nocarcinoma (n= 53) and cervical squamous cell carcinoma
(n = 253) compared to normal cervical tissue (n =22) (p <
0.001, Fig. 1A). RBMS3 mRNA (Fig. 1B)and protein (Fig.
1C) levels were consistently lower in five CC tissues than
in paired adjacent normal tissues (p < 0.05). Immunohisto-
chemical analysis of tissue arrays confirmed that RBMS3
protein expression was lower in CC tissues compared to
normal tissues (Fig. 1D). This was also apparent from the
lower H-Score in the cancer samples compared to normal
tissue (p < 0.001, Fig. 1E). Patients with low RBMS3 ex-
pression in the tissue arrays showed worse survival com-
pared to those with higher levels (HR = 1.990, 95% CI.
1.034-3.828, p = 0.039, Fig. 1F), indicating that RBMS3
could be a useful prognostic marker in CC.

3.2 Construction and Validation of
RBMS3-Overexpressing Cervical Cancer Cell Lines
Lentiviral vectors were used to create RBMS3-
overexpressing cell lines (Lv-OE-RBMS3) and control
lines (Lv-OE-NC) in both C-4I and SiHa cells. RT-qPCR
showed that RBMS3 mRNA levels were markedly higher
in Lv-OE-RBMS3 cells compared to controls (p < 0.001,
Supplementary Fig. 1A). Western blot analysis con-
firmed that RBMS3 protein levels were also much higher
in the overexpression group (p < 0.001, Supplementary
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Kruskal-Wallis test statistic = 52 and p = 5.17e-12
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Fig. 2. RBMS3 overexpression inhibits the proliferation, migration, and invasion of CC cells. (A—C) The CCK-8 assay, colony
formation assay, and EdU incorporation assay were used to evaluate the effect of RBMS3 overexpression on CC cell proliferation. (D)
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Lv-OE-RBMS3 (RBMS3 overexpression). Data show the mean + SD (n = 3). A two-tailed Student’s #-test was used for the statistical
analysis. "p <0.05, " p < 0.001. Scale bars: 50 um for (C), 100 um for (D,E).

Fig. 1B). Immunofluorescence revealed that RBMS3 was
mostly located in the cytoplasm, and that Lv-OE-RBMS3
cells showed much stronger fluorescence than the controls
(Supplementary Fig. 1C).

3.3 RBMS3 Overexpression Inhibits the Proliferation,
Migration, and Invasion of Cervical Cancer Cells

The CCK-8 assay was used to examine the growth of
CC cells. In both C-41 and SiHa cells, the absorbance val-
ues for the Lv-OE-RBMS3 group were significantly lower
at 24, 48, 72, and 96 h compared to the Lv-OE-NC controls
(p < 0.05, Fig. 2A). Additionally, Lv-OE-RBMS3 cells
formed significantly fewer colonies than the controls (p <
0.001, Fig. 2B), and fewer EdU-positive cells were seen in
the Lv-OE-RBMS3 group than in the controls (p < 0.001,
Fig. 2C). The scratch wound assay revealed that C-41 and
SiHa cells in the Lv-OE-RBMS3 group did not migrate as
far after 24 h compared to the control group (p <0.001, Fig.

2D). Similarly, the transwell invasion assay showed less in-
vasion by Lv-OE-RBMS3 cells compared to the control (p
< 0.001, Fig. 2E). These results imply that overexpression
of RBMS3 suppresses DNA synthesis, proliferation, migra-
tion, and invasion in CC cells.

3.4 RBMS3 Overexpression Inhibits the Tumorigenicity of
Cervical Cancer Cells in Nude Mice

To study the in vivo effects of RBMS3 on CC growth,
C-4I cells from both the Lv-OE-RBMS3 and Lv-OE-NC
groups were injected under the skin of BALB/c nude
mice to establish subcutaneous xenograft models. The re-
sulting tumors in the Lv-OE-RBMS3 group were signifi-
cantly smaller and lighter than those in the control group
(Fig. 3A). Tumors in the Lv-OE-RBMS3 group grew more
slowly over time than the controls (p < 0.001, Fig. 3B), and
their weight was significantly lighter than that of tumors
from the control group (p < 0.001, Fig. 3C). H&E staining
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Fig. 3. RBMS3 overexpression suppresses tumor growth in vivo.

(A) Images of xenograft tumors from nude mice injected with

RBMS3-overexpressing or control cells. (B) Graph showing tumor volume at the indicated time points. (C) Tumor weight at the end

of the experiment. (D) Immunohistochemical staining of RBMS3 and Ki-67 in xenograft tumor tissues. Cells were divided into two
groups: Lv-OE-NC (empty vector control) and Lv-OE-RBMS3 (RBMS3 overexpression). Data show the mean = SD (n = 6). Student’s
t-test was used for statistical analysis. ~"p < 0.001 vs. control group. Scale bars: 2 mm for low-magnification H&E images in (D), 50

um for high-magnification H&E and immunohistochemistry images in (D).

of tumor tissues from the Lv-OE-RBMS3 group revealed a
notable decline in tumor cell proliferation (Fig. 3D).

3.5 Transcriptome Sequencing Identifies Downstream
Target Genes of RBMS3

To investigate the role of RBMS3 in CC, transcrip-
tome sequencing was performed on C-41 and SiHa cells
from both the Lv-OE-RBMS3 and Lv-OE-NC groups.
RBMS3 overexpression was associated with many changes
in gene expression. In SiHa cells, 2044 genes were upregu-
lated, and 2590 were downregulated, while in C-4I cells,
2623 genes were upregulated and 2945 were downregu-
lated (JlogFC| >1, p < 0.05). Heatmaps displaying the top
10 significantly upregulated and downregulated DEGs in
SiHa and C-4I cells are presented in Fig. 4A,B, respec-
tively. KEGG pathway enrichment analysis revealed the
upregulated DEGs were mainly enriched in inflammatory
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and immune-related signaling pathways, along with tumor-
associated signaling cascades and cellular stress/response
processes (Fig. 4C,D).

Venn diagram analysis showed that 955 of the DEGs
were common to both cell lines (Fig. 4E). Of these, the top
10 upregulated genes for each cell line are shown in Fig. 4F.
Since HSPAG6 was the most consistent and significantly up-
regulated gene in both CC cell lines (Fig. 4F), subsequent
investigations focused on this gene. In clinical samples,
both HSPA6 mRNA (Fig. 4G) and protein (Fig. 4H) levels
were much lower in the cancer tissue compared to normal
tissue (p < 0.01). Moreover, both HSPA6 mRNA (Fig. 5A)
and protein (Fig. 5B) levels were significantly higher in the
Lv-OE-RBMS3 group compared to the Lv-OE-NC group (p
< 0.01). Immunofluorescence confirmed that HSPA6 was
mostly located in the cytoplasm, and its fluorescence was
much stronger in the Lv-OE-RBMS3 group than in the con-
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Fig. 4. HSPAG is identified as a key downstream target of RBMS3. (A,B) Heatmaps of the top 10 significantly upregulated and
downregulated differentially expressed genes (DEGs) in SiHa and C-4I cells after RBMS3 overexpression (|logFC| >1, p <0.05). (C,D)
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SD (n = 3). A two-tailed Student’s ¢-test was used for statistical analysis. ~p < 0.01,

trol group (Fig. 5C). Collectively, these results suggest that
HSPAG is a key downstream target of RBMS3.

3.6 RBMS3 Enhances HSPA6 mRNA Stability

To investigate the role of HSPA6 in CC, lentiviral
transduction was first used to construct stable cell lines that
overexpress HSPA6 (Lv-OE-HSPA6). HSPA6 mRNA and
protein levels were markedly higher in Lv-OE-HSPAG cells
compared to the controls (p < 0.001, Supplementary Fig.
2A,B). Functional assays revealed that HSPA6 overexpres-
sion was associated with slower growth of CC cells. More-
over, the CCK-8 assays showed less absorbance at 48, 72,
and 96 h (p < 0.05, Supplementary Fig. 2C), indicat-
ing fewer cells. Colony formation assays confirmed that
fewer colonies formed when HSPA6 was overexpressed (p
< 0.001, Supplementary Fig. 2D). Moreover, the scratch
wound assay showed less migration of Lv-OE-HSPAG6 cells
after 24 h (p < 0.01, Supplementary Fig. 2E). These
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p <0.001. Scale bar: 20 um for (C).

findings indicate that overexpression of HSPA6 slows the
growth and migration of CC cells.

To investigate how RBMS3 regulates HSPA6, a RIP
assay was performed to determine whether RBMS3 binds
to HSPA6 mRNA. Significantly more HSPA6 mRNA
was pulled down by the RBMS3 antibody than the
IgG control (p < 0.05, Fig. 6A). Next, the HSPA6
mRNA level was evaluated following the blocking of new
mRNA synthesis with actinomycin D. Overexpression of
RBMS3 (Lv-OE-RBMS?3) sustained higher residual lev-
els of HSPA6 mRNA compared with the control group
(Lv-OE-NC), indicating that RBMS3 stabilizes HSPA6
mRNA (p <0.05, Fig. 6B).

We further constructed two dual-luciferase reporter
vectors with full-length HSPA6 mRNA: one containing a
normal HSPA6 binding site (HSPA6-WT) and the other
containing a mutated version (HSPA6-Mutant). These vec-
tors were co-transfected with an RBMS3 overexpression
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control group.

plasmid into C-41 and SiHa cells. Cells with both the
RBMS3 plasmid and the HSPA6-WT vector showed a large
increase in luciferase activity compared to the empty vec-
tor control (p < 0.001), whereas luciferase activity was
barely altered with the mutant vector (Fig. 6C). Therefore,
RBMS3 appears to enhance the stability of HSPA6 mRNA.

3.7 Construction and Validation of HSPA6-Knockdown
Cell Lines

Cell lines that concurrently overexpress RBMS3
and exhibit HSPA6 knockdown (Lv-OE-RBMS3 + Lv-
shHSPAG6) were used to investigate how HSPAG6 interacts
with RBMS3 to affect CC progression. Three control
groups were also used: Lv-OE-NC + Lv-sh-NC, Lv-OE-
RBMS3 + Lv-sh-NC, and Lv-OE-NC + Lv-shHSPAG6. The
levels of HSPA6 mRNA and protein were significantly
lower in the Lv-OE-RBMS3 + Lv-shHSPA6 group com-
pared to the Lv-OE-RBMS3 + Lv-sh-NC group (p <0.001),
whereas the mRNA and protein levels of RBMS3 were un-
changed (Supplementary Fig. 3A,B). These results in-
dicate successful construction of the HSPA6-knockdown
model.
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3.8 HSPA6 Knockdown Reverses the Inhibitory Effects of
RBMS3 Overexpression on the Proliferation, Migration,
and Invasion of Cervical Cancer Cells

The CCK-8 assay demonstrated that cells in the Lv-
OE-RBMS3 + Lv-shHSPAG6 group displayed a higher pro-
liferation rate relative to the Lv-OE-RBMS3 + Lv-sh-NC
group (p < 0.001, Fig. 7A). Moreover, the colony for-
mation assay showed the Lv-OE-RBMS3 + Lv-shHSPA6
group produced significantly more colonies (p < 0.001, Fig.
7B). This group also exhibited a much higher proportion of
EdU-positive cells compared to the control (p <0.001, Fig.
7C).

The scratch wound assay showed that cells from the
Lv-OE-RBMS3 + Lv-shHSPA6 group migrated much far-
ther after 24 h than those in the Lv-OE-RBMS3 + Lv-sh-NC
group (p < 0.001, Fig. 8A). Similarly, the transwell inva-
sion assay revealed that cells from the Lv-OE-RBMS3 +
Lv-shHSPAG6 group were significantly more invasive com-
pared to control cells (p < 0.001, Fig. 8B). Thus, knock-
down of HSPAG attenuates the effect of RBMS3 overex-
pression and restores the ability of CC cells to migrate and
invade.
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Fig. 7. HSPA6 knockdown reverses the inhibitory effect of RBMS3 on cell proliferation. (A—C) CCK-8 assay, colony formation
assay, and EQU incorporation assay show the effects of concurrent RBMS3 overexpression and HSPA6 knockdown on cell proliferation.
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3.9 HSPA6 Knockdown Reverses the Inhibitory Effect of
RBMS3 Overexpression on the Tumorigenicity of Cervical
Cancer Cells In Vivo

C-4I cells from four groups (Lv-OE-NC + Lv-sh-NC,
Lv-OE-RBMS3 + Lv-sh-NC, Lv-OE-NC + Lv-shHSPAG6,
and Lv-OE-RBMS3 + Lv-shHSPAG6) were injected un-
der the skin of BALB/c nude mice to create subcu-
taneous xenograft models. Tumors derived from the
Lv-OE-RBMS3 + Lv-shHSPA6 group were larger in size
(Fig. 9A) and displayed an accelerated growth rate (Fig.
9B) relative to the Lv-OE-RBMS3 + Lv-sh-NC group (p
< 0.001). Moreover, the tumors were significantly heavier
at the end of the study compared to the Lv-OE-RBMS3 +
Lv-sh-NC group (p < 0.001, Fig. 9C).

H&E staining revealed that tumor cells from the
Lv-OE-RBMS3 + Lv-shHSPA6 group displayed enhanced
proliferative activity relative to the Lv-OE-RBMS3 +
Lv-sh-NC group (Fig. 9D). Immunohistochemistry re-
vealed less expression of HSPA6 protein in the Lv-OE-
RBMS3 + Lv-shHSPAG6 tumors, but a higher frequency of
Ki-67 positive cells compared to the control group (Fig.
9E). Therefore, knockdown of HSPAG6 expression attenu-
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ates the growth-suppressing effect of RBMS3 overexpres-
sion on CC cells in vivo.

4. Discussion

The present study found lower expression of RBMS3
in CC tissues compared to normal tissue, with the down-
regulation linked to worse clinical outcomes. This result
concurs with previous reports in several other cancer types
that RBMS3 acts as a tumor suppressor [5,6,7]. RBMS3 is
an RNA-binding protein, and earlier studies showed that it
can slow cancer growth by controlling the stability of cer-
tain mRNAs and affecting downstream signaling [5]. In
the current investigation, increased expression of RBMS3
slowed the growth, migration, and invasive capacity of CC
cells in vitro. Additionally, overexpression of RBMS3 in
CC cells injected into mice slowed the growth of xenograft
tumors. Therefore, similar to other cancer types, the present
results suggest that RBMS3 also hinders the growth of CC.

Transcriptome profiling combined with mechanistic
validation identified HSPA6 as a key downstream tar-
get of RBMS3. HSPA6 was consistently upregulated
upon RBMS3 overexpression. Further assays showed that
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Fig. 8. HSPA6 knockdown reverses the inhibitory effect of RBMS3 on cell migration and invasion. (A) Scratch wound assay

showing the effects of concurrent RBMS3 overexpression and HSPA6 knockdown on cell migration. (B) Transwell invasion assay

showing the effects of concurrent RBMS3 overexpression and HSPA6 knockdown on cell invasion ability. Cells were divided into
four groups: Lv-OE-NC + Lv-sh-NC (empty vector + shRNA negative control), Lv-OE-RBMS3 + Lv-sh-NC (RBMS3 overexpression
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(RBMS3 overexpression + HSPA6 knockdown). Data show the mean + SD (n = 3). One-way ANOVA was used for statistical analysis.

“p<0.01, " p<0.001. Scale bars: 100 um for (A,B).

RBMS3 potentially binds to HSPA6 mRNA and enhances
its stability, thereby increasing HSPAG6 expression at both
the mRNA and protein levels. Rescue experiments revealed
that HSPA6 knockdown reversed the inhibitory effects in-
duced by RBMS3 overexpression, indicating that HSPA6
is a functional mediator of RBMS3 in CC. Together, these
results establish the RBMS3-HSPAG6 axis as a novel post-
transcriptional regulatory pathway governing the progres-
sion of CC.

HSPAG6 is a stress-inducible member of the HSP70
chaperone family and plays varied roles in different can-
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cer types [10]. Although it can be triggered by cellular
stress [ 10], our study found notably lower basal HSPAG6 lev-
els in CC tissues than in adjacent normal tissues. These
observations suggest that the physiological basal expres-
sion of HSPA6 may be relevant to cervical carcinogenesis
and stress responses. Dysregulation of basal HSPAG6 lev-
els could contribute to malignancy independently of acute
stress, although this requires further experimental valida-
tion.

The RBMS3-HSPAG6 axis holds promise as a use-
ful biomarker for CC and as a possible target for novel
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Fig. 9. HSPA6 knockdown reverses the inhibitory effect of RBMS3 on tumor growth. (A) Photographs of xenograft tumors from

different treatment groups. (B) Graph of tumor volume measured at the indicated time points. (C) Tumor weight at the end of the

experiment. (D,E) H&E staining and immunohistochemistry validate the expression of RBMS3, HSPA6, and Ki-67 in xenograft tumor

tissues. Mice were randomly assigned to four groups according to the transfected C-4I cells they received: Lv-OE-NC + Lv-sh-NC
(empty vector + shRNA negative control), Lv-OE-RBMS3 + Lv-sh-NC (RBMS3 overexpression + shRNA negative control), Lv-OE-
NC + Lv-sh-HSPA6 (empty vector + HSPA6 knockdown), and Lv-OE-RBMS3 + Lv-sh-HSPA6 (RBMS3 overexpression + HSPA6
knockdown). Data show the mean  SD (n = 6). One-way ANOVA was used for statistical analysis. ~"p < 0.001. Scale bars: 2 mm for

low-magnification H&E images in (D), 50 um for high-magnification H&E images in (D) and all immunohistochemistry images in (E).

treatments. Restoration of RBMS3 expression may rep-
resent a potential strategy to upregulate HSPA6 and con-
strain CC progression. However, potential therapeutic ap-
plications, including those involving epigenetic modulation
[15,16], require further experimental validation before clin-
ical translation can be envisaged.

While the current study showed that RBMS3 over-
expression slows the growth, migration, and invasion of
CC cells, further work is needed to determine whether this
involves epithelial-mesenchymal transition and apoptosis.
This should provide a clearer picture of the role of the
RBMS3-HSPAG6 axis in CC cells.

5. Limitations

Several limitations of this study should be acknowl-
edged. First, since the clinical sample size was small and
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samples were derived from only one center, the prognos-
tic findings may not apply to a wider group. Second, the
HPYV oncoproteins E6/E7 are central to cervical carcino-
genesis [1,17], and hence future studies should investigate
the potential interplay between E6/E7 and the RBMS3—
HSPAG6 axis. Comparison of the RBMS3-HSPA6 axis
across different malignancies will also help to clarify the
cancer specificity and upstream regulatory mechanisms of
this axis. Third, the upstream regulatory mechanism of
RBMS3 and its precise binding motif on HSPA6 mRNA
requires further clarification. In addition, the antitumor ef-
fect of the RBMS3-HSPAG6 axis alone was moderate, and
its impact on the tumor immune microenvironment was not
explored.
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6. Conclusions

CC tissues express low levels of RBMS3 compared to
normal tissue. Moreover, low tumor expression of RBMS3
is associated with poor patient prognosis. The overexpres-
sion of RBMS3 in CC cells reduces their in vitro, growth,
migration, and invasion, and leads to smaller tumors in an-
imal xenograft models. Mechanistically, RBMS3 poten-
tially binds to HSPA6 mRNA and maintains its stability,
thereby increasing the cellular HSPAG level. Furthermore,
knockdown of HSPAG6 reverses the tumor-suppressive ef-
fects induced by RBMS3 overexpression. Collectively,
these results indicate that RBMS3 inhibits the progression
of CC by enhancing the stability of HSPA6 mRNA. The
RBMS3-HSPAG axis may therefore serve as a biomarker
of prognosis and as a novel target for therapy.
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