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Abstract: DDOST is generally recognized as a regulator of glycosylation homeostasis and its deficiency can cause 
congenital glycosylation disorders. However, its role in tumors has not yet been elucidated. This study aimed to 
explore the functional role of DDOST and its related mechanisms in cervical cancer (CC). The clinical correlation 
of DDOST was analyzed using The Cancer Genome Atlas (TCGA) database and verified by immunohistochemis-
try slides of clinical samples. Cell growth, proliferation, apoptosis, migration, and invasion were evaluated. Co-
immunoprecipitation (co-IP) and liquid chromatography with tandem mass spectrometry (LC-MS) were used to 
identify interacting proteins. The functions of the interacting proteins were further confirmed using genetic rescue 
experiments. A subcutaneous xenograft model was used to investigate tumorigenesis. Based on the TCGA data 
and our collected clinical samples, we found that DDOST was associated with a more aggressive pathological phe-
notype. DDOST also promoted several malignant phenotypes in CC cells. Co-IP coupled with LC-MS identified the 
interacting protein SMARCA4, and western blotting confirmed a positive interaction between these two proteins. 
Similar to in vivo tumorigenesis, cell growth and migration were markedly rescued by SMARCA4 overexpression 
after DDOST knockdown, as was tumorigenesis in vivo. This study showed that DDOST promoted tumorigenesis in 
CC and was identified it as a possible novel biomarker or therapeutic target in CC. The interaction between DDOST 
and SMARCA4 is a potential mechanism that requires further investigation.
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Introduction

Cervical cancer (CC) is one of the most com-
mon malignancies and causes most of cancer-
related deaths in women worldwide [1]. Despi- 
te the widespread use of early screening pro-
grams and multiple therapeutic methods, 
patients with advanced CC have a worse prog-
nosis than those with early-stage CC. Once dis-
tant metastasis occurs, cure is rarely achieved 
[2] and the 5-year overall survival rate drops 
dramatically from 80% in stage I to less than 
20% in stage IV [3]. Considering the high mor-
bidity of CC worldwide, particularly in develop-
ing countries, further identification of metastat-

ic biomarkers and identification of the molecu-
lar mechanisms involved are required. 

DDOST encodes AGER1 protein, a subunit of 
the oligosaccharide transferase complex, which 
is involved in the endocytosis of advanced gly-
cation end products (AGEs). Impaired DDOST 
expression usually causes AGEs to accumulate, 
resulting in pathogenesis of hyperglycemia and 
aging [4, 5]. However, most of the albeit limited 
studies have reported a correlation between 
DDOST and non-neoplastic diseases [6]. The 
potential role of DDOST in tumorigenesis, espe-
cially CC, is still poorly understood. DDOST is a 
conserved subunit of the oligosaccharyl trans-
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ferase complex in the endoplasmic reticulum 
and plays an essential role in N-linked glycosyl-
ation, protein maturation, and cellular proteos-
tasis. Because proper glycosylation and protein 
quality control are required for the folding, sta-
bility, and trafficking of many membrane and 
secreted proteins, dysregulation of DDOST may 
have consequences beyond metabolic or non-
neoplastic disorders [7]. In cancer, these 
homeostatic mechanisms can be co-opted to 
help tumor cells tolerate endoplasmic reticu-
lum stress, sustain the processing of growth- 
and survival-related proteins, and adapt to  
the high biosynthetic demands of malignant 
progression. Therefore, although the role of 
DDOST in cervical cancer remains poorly under-
stood, its known cellular functions provide a 
biological basis for hypothesizing that it may 
contribute to cervical cancer development and 
aggressiveness.

The aim of this study was to investigate the bio-
logical effects of DDOST on the malignant phe-
notype of CC. Co-immunoprecipitation (co-IP) 
and liquid chromatography-tandem mass spec-
trometry (LC-MS) were used to further explore 
the mechanism.

Materials and methods

Gene expression database and tumor samples

The clinical features of CC patients and the 
mRNA expression levels of DDOST were down-
loaded from The Cancer Genome Atlas (TCGA, 
https://cancergenome.nih.gov/). Fifty-one CC 
specimens were collected from the Affiliated 
Hospital of Jiangsu University. This study was 
approved by the Biomedical Research Ethics 
Committee of the Affiliated Hospital of Jiangsu 
University (Approval No. AF-SOP026-01), and 
all patients who met the inclusion criteria 
signed an informed consent. Detailed clinico-
pathological characteristics of these patients, 
including FIGO stage, histological grade, and 
lymph node status, were summarized in Table 
S4.

Cell culture

Human cervical cancer HeLa and SiHa cells 
were purchased from the Chinese Type Culture 
Collection Center and cultured in Dulbecco’s 
Modified Eagle medium (DMEM, Gibco, Thermo) 
containing 10% fetal bovine serum (FBS, Gibco) 

and in a humidified incubator at 37°C with 5% 
CO2. Cells in the logarithmic growth phase were 
trypsinized, passaged or used for subsequent 
experiments.

Immunohistochemistry (IHC)

The expression of DDOST in tumor tissues and 
adjacent tissues was analyzed by immunohis-
tochemistry (IHC). Briefly, fresh tissues were 
fixed, deparaffinized, and rehydrated. After anti-
gen repair, enzyme inactivation and blocking, 
the cells were incubated with 1:100 anti-DDOST 
antibody at 4°C overnight. After incubation with 
secondary antibodies for 50 min, the cells were 
stained with DAB and then the nuclei were re-
stained. IHC scores of dehydrated and sealed 
tumor sections were assessed independently 
by two pathologists. The percentage of positive 
cells was scored as follows: 0 (< 10%), 1 (10-
25%), 2 (26-50%), 3 (51-75%), 4 (> 75%). 
Staining intensity was scored as 0 for no stain-
ing, 1 for light brown, 2 for brown, and 3 for 
dark brown. The IHC score for DDOST is the 
product of the positive value and intensity. 
Scores < 8 were defined as low expression and 
scores ≥ 8 as high expression. 

Construction of plasmid, lentiviral vector, and 
cell infection

A lentiviral vector (LV) with a short hairpin  
RNA (shRNA) sequence of DDOST (shDDOST) or 
control (shCtrl) was synthesized and then con-
structed with GV115 (hU6-MCS-CMV-EGFP). 
Overexpression of LV DDOST, SMARCA4, and 
CTNNB1 was achieved using GV491 (Ubi-3FL- 
AG (Sigma)-MCS-SV40-puromycin), CV224 (Ubi-
MCS-SV40-Cherry-IRES-puromycin), and GV- 
661 (CMV-MCS-3FLAG-EF1-mCherry-T2A-puro- 
mycin), respectively. An empty vector was used 
as the negative control (NC). The recombinant 
lentiviruses were harvested from 293T cells 
and purified. Co-infection of knockdown and 
overexpression constructed LVs was performed 
using a combination of polybrene (50 μg/ml). 
The volume was calculated using a multiplicity 
of infection (MOI) of 20. The fluorescence inten-
sity was determined 72 h after infection. Stable 
cell lines were filtered using puromycin (3 μg/
ml). Transfection efficiency was validated using 
fluorescence (green or red), qRT-PCR, and west-
ern blotting. Primer sequences used are listed 
in Table S1.
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Quantitative reverse transcription PCR (RT-
qPCR)

Total cellular RNA was extracted using TRIzol 
(Invitrogen) and transcribed to cDNA using the 
Promega M-MLV kit. RT-qPCR was performed 
with Takara SYBR Master Mix and MX3000p 
system (Agilent). Relative mRNA expression 
was calculated using the 2-ΔΔCT method and 
GAPDH was used as a standard. Primer 
sequences are listed in Table S2.

Cell growth, proliferation and colony formation

Three days after transfection, cell growth, pro-
liferation and colony formation were detected 
by fluorescence assay, Cell Counting Kit-8 
(CCK-8) kit (Dojindo) and colony formation 
assay, respectively. Briefly, 2000 cells per well 
were seeded in 96 Wells for cell growth and 
proliferation assays. The number of cells show-
ing green fluorescence was measured daily 
using a Celigo Image Cytometer (Nexcelom) for 
3 to 5 consecutive days. One hundred cells 
were seeded in 6 well-plates for the colony for-
mation assay. Colony counts were performed 
using ImageJ after 9 d.

Cell apoptosis

An Annexin V-APC/PI apoptosis kit (eBiosci-
ence) was applied to detect apoptosis. The 
cells were collected and washed thrice with 
cold phosphate-buffered saline (PBS). Staining 
was performed according to the manufactur-
er’s protocol and the percentage of apoptotic 
cells was evaluated using a Flow Cytometer (BD 
Biosciences). 

Cell migration and invasion

Migration and invasion abilities were assessed 
as described previously [8]. Transwell and 
Matrigel kits (Corning) were used according to 
the manufacturer’s guidelines. Briefly, 8×104 
cells were seeded in the upper chamber of 
24-well serum-free medium. Complete medium 
was then added to the lower chamber. The 
inserts in the Transwell kit had an 8 μm pore 
size and were coated with Matrigel. After 24 h 
of culture, migrating and invading cells were 
fixed, stained, and counted at 5 random fields 
using an Olympus microscope.

Western blot

Cells were harvested and incubated with pre-
cooled 2×Lysis buffer for 10 to 15 min on ice. 

Lysates were then crushed by sonication and 
total proteins were extracted by centrifugation. 
Protein concentrations were quantified with a 
bicinchoninic acid (BCA) Protein assay Kit 
(Beyotime). Protein samples were separated by 
10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE), transferred to 
polyvinylidene difluoride (PVDF) membranes 
(Millipore), blocked with Tris-buffered saline 
containing Tween 20 (TBST) and 5% skim milk, 
and incubated with primary and secondary 
antibodies. Antibodies included anti-DDOST 
(1:200, Abcam), anti-SMARCA4 (1:10,000, 
Abcam), anti-CTNNB1 (1:1,000, Abcam), anti-
FLAG (1:2,000, Sigma), and anti-GAPDH (1: 
2,000, Abcam). Secondary antibodies (1: 
10000) were purchased from Cell Signaling 
Technology (CST). Immunoreactive bands were 
detected using the enhanced chemilumines-
cence (ECL)-PLUS kit (Thermo Fisher Scientific).

Co-immunoprecipitation (co-IP) 

SiHa cells stably overexpressing DDOST were 
constructed, and cells were infected with FLAG-
tagged lentivirus particles in the presence of 3 
μg/mL puromycin. Western blot was used to 
verify the transfection effect. Total protein was 
extracted and incubated with FLAG beads 
(Sigma-Aldrich) overnight. After washing, the 
samples were exchanged with 3×Flag peptide, 
and precipitated proteins were screened by 
SDS-PAGE or detected by western blotting.

LC-MS analysis

Proteomic analyses were conducted using 
shotgun analysis and liquid chromatography 
with tandem mass spectrometry (LC-MS). 
Briefly, the SDS-PAGE gel was stained with 
Coomassie Brilliant Blue, digested with trypsin, 
desalinated, and separated using an Easy nLC 
system. Finally, the samples were analyzed 
using a Q-Exactive Plus mass spectrometer. 
Proteome Discoverer 2.1 (Thermo Fisher 
Scientific) and MASCOT 2.2 (Matrix Science, 
London, UK) were used to analyze the raw data.

GO and KEGG analysis

Annotation of proteins specifically identified in 
the overexpression group was performed using 
Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG). GO functional 
annotation was performed using National 
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Center for Biotechnology Information (NCBI) 
BLAST (ncbi-blast-2.3.0) and Blast2GO meth-
ods, coupled with additional annotation from 
InterProScan and the European Bioinforma- 
tics Institute (EBI) databases. KEEG pathway 
analysis was completed with KOALA (KEGG 
Orthology and Links Annotation (KOALA)) soft-
ware by matching the KEGG Genes database.  
A Venn diagram was constructed using the bio-
informatics website (http://bioinformatics.psb.
ugent.be/webtools/Venn/).

Animal experiment

The stable transfected SiHa cells (5×106) were 
inoculated subcutaneously into the right armpit 
of 5-week-old female BALB/c nude mice. 
Subcutaneous tumors were measured three 
times per week using calipers and tumor vol-
ume was calculated as tumor volume = (length 
× width2)/2. The largest tumor diameter does 
not exceed 2.0 cm and mice with tumor volume 
≥ 1000 mm3 were sacrificed. The mice were 
euthanized by carbon dioxide (CO2) inhalation 
followed by cervical dislocation. All animal 
experiments were reviewed and approved  
by the Institutional Animal Care and Use 

between two groups. Quantitative variables 
with non-normal distributions were compared 
using the Mann-Whitney U test. The count data 
were presented as numbers and percentages. 
Intergroup comparisons of count data were  
carried out using the Chi-square test. P < 0.05 
was considered statistically significant. 

Results

DDOST upregulation was associated with 
advanced tumor grade and worse survival in 
TCGA data

To identify the role of DDOST in patients with 
CC, we analyzed the clinical correlation of 
DDOST. A total of 303 patients with RNA 
sequencing (RNA-seq) and pathological infor-
mation were identified in TCGA database. As 
indicated in Table 1, the mRNA levels of DDOST 
were significantly differentially expressed in 
patients with CC of different pathological gra- 
des (P=0.008). Higher expression of DDOST 
was associated with an advanced pathological 
grade (P < 0.05), despite low Spearman’s cor-
relation coefficients (Table S3). IHC of our clini-
cal patient specimens confirmed the higher 

Table 1. The relationship between pathological information and 
DDOST mRNA expression in cervical cancer patients from TCGA

Pathological Grading or Stage
mRNA Level. No.

Total No. P value
Low (%) High (%)

T
    T1 73 (52.1) 67 (47.9) 140 0.63
    T2 36 (50.7) 35 (49.3) 71
    T3/4 14 (46.7) 16 (53.3) 30
N
    N0 67 (50.4) 66 (49.6) 133 0.553
    N1 33 (55) 27 (45) 60
M
    M0 53 (45.9) 63 (54.3) 116 0.73
    M1 4 (40) 6 (60) 10
Grade
    1-2 88 (57.5) 65 (42.5) 153 0.008
    3-4 49 (41.2) 70 (58.8) 119
Stage
    I 78 (48.1) 84 (51.9) 162 0.579
    II 38 (55.1) 31 (44.9) 69
    III/IV 33 (50) 33 (50) 66
Abbreviations: TCGA, The Cancer Genome Atlas; mRNA, messenger RNA. In 
the TNM staging system, T indicates primary tumor extent, N indicates regional 
lymph node involvement, and M indicates distant metastasis.

Committee of Shanghai Gene- 
Chem Co., Ltd. (Approval No. 
NYDLS-2018-116) and were 
performed in accordance with 
institutional guidelines for the 
care and use of animals.

Statistical analysis

All experiments were indepen-
dently replicated three times 
and analyzed using GraphPad 
Prism 7.0 and Photoshop. All 
data were presented as mean ± 
standard deviation (SD). Survival 
analysis was performed using 
the Kaplan-Meier method and 
the log-rank test. Spearman’s 
correlation analysis was con-
ducted using the SPSS software 
(version 19.0). For experiments 
involving repeated measure-
ments over time, including cell 
growth curves and xenograft 
tumor growth curves, repeated-
measures ANOVA was used. The 
student’s t-test (two-tailed) was 
used to identify differences 
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protein expression of DDOST in tumors than in 
normal tissues (Figure 1A) and a positive cor-
relation between DDOST and pathological 
grade (Table S4). 

Kaplan-Meier survival analysis indicated that 
patients with higher DDOST mRNA expression 
had markedly worse overall survival (OS) than 
those with lower expression in TCGA (P=0.014, 
Figure 1B). These results elucidate the  
potential adverse impact of DDOST on the 
malignant progression of CC as well as its poor 
prognosis.

DDOST promoted the malignant phenotypes of 
CC cells

The mRNA and protein expression levels of 
DDOST in HeLa and SiHa cells are shown in 
Figure 2A. To explore the functional effect of 
DDOST on CC cells, we transfected CaSKi and 
SiHa cells with lentivirus particles containing 
an RNA interference (RNAi) sequence of DDOST. 
Cell status and infection efficiency were 
observed using green fluorescent protein (GFP) 
fluorescence three days after infection (Figure 
2B). RT-qPCR and western blotting confirmed 
that DDOST expression was successfully 
knocked down (Figure 2C). The overexpression 
efficiency of DDOST in CASKI and SiHa cells at 
the protein level was represented by Flag 
(Figure 2D). DDOST inhibition significantly 
reduced cell growth (Figure 2E). In addition, 
inhibition of DDOST reduced cell viability and 
colony counts in CC cells compared with those 
in the control group (all P < 0.05, Figure 2F). 
Migration and invasion abilities were signifi-
cantly attenuated after DDOST inhibition (all P 

values < 0.05, Figure 2G, 2H). These results 
showed the opposite trend with the overexpres-
sion of DDOST (Figure 2E-H).

Flow cytometry was used to determine the 
apoptosis rate of CC cells with DDOST silenc-
ing, followed by Annexin V-APC/PI staining. The 
percentage of apoptotic cells was significantly 
higher in the treatment group than in the con-
trol group (P < 0.05, Figure 3A). These results 
demonstrated that DDOST promoted the malig-
nant phenotypes of CC cells, which were weak-
ened after DDOST knockdown.

SMARCA4 interacted and positively correlated 
with DDOST in CC cells

Although DDOST expression was initially 
assessed in cervical cancer cell lines, SiHa 
cells were selected for the in-depth mechanis-
tic studies because DDOST overexpression/
knockdown in SiHa cells showed stable and 
reproducible modulation efficiency with clear 
phenotypic changes, making them more suit-
able for the establishment of stable cell models 
for co-IP/LC-MS, rescue experiments, and 
xenograft assays. For consistency, the subse-
quent mechanistic validation was therefore 
mainly performed in SiHa cells. To explore the 
binding of interacting proteins to DDOST, co-IP 
coupled with LC-MS was performed in stably 
transfected DDOST overexpression SiHa cells. 
The expression level of DDOST was detected 
via Flag by western blotting (Figure 3B). The 
SDS-PAGE gel of the DDOST immunoprecipi-
tates was digested and analyzed by LC-MS. In 
total, 1,229 and 1,174 protein groups were 
identified in the control and overexpression 

Figure 1. DDOST upregulation was associated with advanced tumor grade and worse survival in TCGA data and 
our hospital database. (A) Representative immunohistochemistry (IHC) images of negative control tissue (left) and 
tumor tissues with low (middle) and high (right) DDOST expression. Magnification, ×200. (B) Kaplan-Meier overall 
survival curves of patients with cervical cancer in The Cancer Genome Atlas (TCGA) cohort stratified by DDOST ex-
pression level. Survival differences were analyzed using the log-rank test. The P value in (B) was calculated using 
the log-rank test.
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(OE) samples, respectively (Figure 3C). A total 
of 333 proteins were exclusively identified in 
the DDOST-overexpression group and were 
enriched by GO and KEGG analyses (Figure 
3D). Among the proteins specifically identified 
in the DDOST-overexpression group, SMARCA4 
and CTNNB1 were prioritized for further valida-

tion because both are biologically relevant to 
malignant phenotypes observed in this study, 
including proliferation, apoptosis, migration, 
and invasion. We therefore examined whether 
DDOST interacted with these candidate pro-
teins by immunoprecipitation (IP) assay, which 
confirmed interactions of DDOST with both 

Figure 2. DDOST promoted the malignant phenotypes of CC cells. (A) mRNA (left) and protein (right) expression 
levels of DDOST normalized to GAPDH in CaSKi and SiHa cells, as detected by quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) and western blot in CASKI and SiHa cells. Representative fluorescent images 
of cells (magnification 100×) (B) and knockdown efficiency (C) of DDOST in CASKI and SiHa cells in mRNA (left), 
and protein (right) expression level after transfection with short hairpin RNA (shRNA) for three days. Overexpression 
efficiency of DDOST in CASKI and SiHa cells in protein level represented by FLAG-tag (D). Cell Counting Kit-8 (CCK-8) 
assay (E), colony formation (magnification 1×) (F), transwell (magnification 200×) (G), and invasion (magnification 
200×) (H) experiment of CASKI (left) and SiHa (right) cells. Data are presented as mean ± SD from three indepen-
dent experiments. Statistical significance is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001; ns, not 
significant; comparisons were made with the corresponding control group.
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SMARCA4 and CTNNB1 (Figure 3B). Subsequent 
rescue experiments showed that SMARCA4, 

but not CTNNB1, substantially restored the 
malignant phenotypes suppressed by DDOST 

Figure 3. SMARCA4 interacted and exerted a synergized role with DDOST in CC cells. (A) Cell apoptosis was detected 
by flow cytometric analysis after transfection and incubation for 3 and 2 days in HeLa (top) and SiHa (bottom) cells, 
respectively. (B) The results of co-immunoprecipitation (co-IP) and western blot experiments confirmed the interac-
tion between DDOST and identified proteins. (C) Venn diagram of total proteins identified by liquid chromatography-
tandem mass spectrometry (LC-MS) analysis in NC and OE group of SiHa cells. NC, negative control; OE, DDOST 
overexpression. (D) Gene Ontology (GO) analysis of exclusively expressed in DDOST OE group. (E) Cell viability of 
SMARCA4 and CTNNB1. Growth in CaSKi and SiHa (F), and the ability of colony formation (top, magnification 1×) 
and migratory (bottom, magnification 200×) in stably-transfected (G) CaSKi and (H) SiHa cells. NC, negative control; 
KD, DDOST knockdown; OE, SMARCA4 overexpression. Data are presented as mean ± SD from three independent 
experiments. Statistical significance is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001; ns, not signifi-
cant; Statistical significance refers to the comparisons indicated in the figure.
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knockdown (Figure 3E), and SMARCA4 was 
therefore selected for further mechanistic vali-
dation. Subsequently, we examined the rever-
sal function of the screened interacting genes 
in SiHa cell growth and migration. 

Overexpression of SMARCA4 rescued the ma-
lignant phenotype after DDOST knockdown in 
CC cells

After co-transfecting lentivirus particles with 
green or red fluorescence and validating by 
qRT-PCR (Figure S1A, S1B), cell growth was 
slowed down after knockdown of DDOST, and 
was largely recovered by SMARCA4 overex- 
pression, but not by CTNNB1 (Figure 3E). 
Therefore, SMARCA4 was selected to further 

thermore, the impacts of DDOST knockdown  
on the proliferation marker (Ki-67) and apopto-
sis marker (cleaved caspase-3) could be par-
tially reversed by overexpression of SMARCA4 
(Figure S2). These findings elucidate the  
synergistic functions of DDOST and SMARCA4 
during CC progression. Downregulation of 
tumorigenic ability by shDDOST was reversed 
by SMARCA4.

Discussion

The biological function of DDOST in CC was 
investigated for the first time in the present 
study. We found that DDOST promoted tumor 
growth, proliferation, migration, and invasion, 
while inhibiting apoptosis. These malignant 

Figure 4. SMARCA4 overexpression reversed tumor growth reduced by 
DDOST knockdown in a xenograft mouse model. Scheme of animal analy-
sis (A), images of the xenograft model (B), tumor growth (C), and weight (D) 
of tumor-bearing nude mice subcutaneously injected with shDDOST and 
NC-transfected SiHa cells. Scheme of animal analysis (E), images of the xe-
nograft model (F), tumor growth (G), and weight (H) of tumor-bearing nude 
mice subcutaneously injected with shDDOST and SMARCA4 co-transfected 
SiHa cells. Representative xenograft images were retaken with a ruler as a 
size reference. Tumor growth was monitored three times weekly, and mice 
were euthanized before any tumor exceeded 2.0 cm in the largest diameter. 
Data are presented as mean ± SD. Statistical significance is indicated as 
follows: *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant; compari-
sons were made between the indicated groups.

validate the functional recov-
ery experiments. The prolifera-
tion viability of CaKSi and SiHa 
cells with DDOST knockdown 
significantly decreased (P < 
0.05), which was consistent 
with our expectations. Viability 
increased nearly to the original 
level, followed by overexpres-
sion of SMARCA4 (P < 0.05, 
Figure 3F), and migratory and 
colony formation abilities also 
increased close to the original 
level (Figure 3G, 3H). The 
results showed that the overex-
pression of SMARCA4 rescued 
the proliferation and migra- 
tion phenotype of the DDOST 
knockdown group. 

Animal studies confirmed the 
biological function of DDOST 
and SMARCA4

To confirm the relationship 
between DDOST and SMARCA4 
in vivo, a subcutaneous xeno-
graft nude mouse model was 
used. After 28 days of observa-
tion, the tumor volume and 
weight were obviously reduced 
after DDOST knockdown (Fi- 
gure 4A-D). The inhibitory 
effect of the DDOST knock-
down was rescued by SMAR- 
CA4 overexpression (Figure 
4E-H), similar to the pheno-
types observed above. Fur- 
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phenotypes were inhibited by DDOST knock-
down, both in vitro and in vivo. Co-IP coupled 
with LC-MS identified the interacting protein 
SMARCA4, which was confirmed by IP and 
western blotting. Moreover, the inhibitory phe-
notype of shDDOST was significantly rescued 
by SMARCA4 overexpression. These results 
suggest that DDOST expression gradually 
increases with disease progression. Specific 
pathways and their interactions require further 
evaluation. 

DDOST is a polypeptide subunit identified in the 
pancreatic microsomal membranes, and its 
genomic sequence was first reported by Momoi 
in 1997 [9]. The encoded conserved protein, 
AGER1, participates in AGE circulation and 
clearance as a related receptor [10]. Alter- 
natively, AGER1 glycosylates the N-terminus of 
key kidney proteins to maintain kidney health 
and function [11]. Contradictory conclusions 
were derived from two clinical studies that dis-
cussed the involvement of AGER1 in diabetic 
nephropathy [12, 13]. Thereafter, the role of 
DDOST in disorders of glycosylation, diabetes 
and nonalcoholic steatohepatitis is unknown 
[4, 5, 14, 15]. SMARCA4 encodes a homony-
mous protein necessary for the transcription of 
certain genes. It acts as a tumor suppressor 
and is frequently inactivated in cancers with 
undruggable traits [16]. The spectrum of 
SMARCA4 alteration in patients with solid 
tumors has recently been elucidated [17]. 
Multiple tumors have been associated with the 
deficiency or mutation of SMARCA4 [18-20]. 

Emerging evidence has been used to deter-
mine the relationship between DDOST and oro-
pharyngeal, bladder, colon, and esophageal 
cancer [21-24]. However, the specific pheno-
types and mechanisms underlying CC remain 
to be elucidated. Our results illustrate the 
effect of DDOST on the malignant phenotype of 
CC cells. DDOST expression was positively 
associated with higher pathological grade and 
negatively associated with prognosis. DDOST 
knockdown inhibited tumor growth, prolifera-
tion, migration, and invasion and promoted 
apoptosis. Interestingly, co-IP followed by 
LC-MS revealed an interaction between the 
DDOST and SMARCA4 proteins. After overex-
pression of SMARCA4, tumor growth and migra-
tion were observed. Subsequent in vivo experi-
ments validated the synergistic efficiency of 

DDOST and SMARCA4. More importantly, TCGA 
database and our clinical samples confirmed 
the advanced stage and survival results of 
DDOST. 

Notably, in the TCGA cohort, DDOST expression 
was significantly associated with pathological 
grade but not with T, N, M, or FIGO stage. We 
believe this finding suggests that DDOST may 
be more closely related to the intrinsic aggres-
siveness and dedifferentiation of cervical can-
cer cells than to the anatomical extent of tumor 
spread. Pathological grade reflects tumor cell 
differentiation status, whereas TNM/FIGO 
stage mainly reflects tumor burden and dis-
semination. In line with this interpretation, our 
in vitro and in vivo data showed that DDOST 
enhanced proliferation, migration, invasion, 
and survival-related phenotypes, supporting a 
role in malignant biological behavior. Never- 
theless, because the advanced-stage sub-
groups in TCGA were relatively limited, espe-
cially the metastatic subgroup, larger cohorts 
will be needed to further clarify whether DDOST 
is also associated with nodal or distant spread.

Interestingly, although both SMARCA4 and 
CTNNB1 were identified as DDOST-interacting 
candidates, only SMARCA4 overexpression  
significantly rescued the phenotypic defects 
caused by DDOST knockdown. This finding sug-
gests that, in our model, SMARCA4 may repre-
sent a more functionally critical downstream 
effector of DDOST than CTNNB1 alone. Notably, 
this does not necessarily indicate that the 
DDOST-SMARCA4 axis is fully independent of 
canonical Wnt/β-catenin signaling. Since 
canonical Wnt activity was not directly evaluat-
ed in the present study, CTNNB1 overexpres-
sion may simply have been insufficient to 
restore the full transcriptional program disrupt-
ed by DDOST depletion. Given the known role of 
SMARCA4/BRG1 in chromatin remodeling and 
β-catenin-associated transcription, it is possi-
ble that SMARCA4 functions as a permissive or 
more proximal regulatory node in this context. 
Future studies should further examine nuclear 
β-catenin activity, TCF/LEF-dependent tran-
scription, and classical Wnt target genes to 
clarify the relationship between DDOST-
SMARCA4 signaling and the canonical Wnt 
pathway [25-28].

It should be noted that the mechanistic inter-
pretation of the DDOST-SMARCA4 association 
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requires caution. Although co-IP/LC-MS and 
rescue experiments supported a functional link 
between DDOST and SMARCA4, the spatial and 
biochemical basis of this association remains 
unclear. Given that DDOST is primarily consid-
ered an endoplasmic reticulum-associated pro-
tein, whereas SMARCA4 is mainly a nuclear 
chromatin remodeler, the co-IP signal observed 
in whole-cell lysates may reflect a transient or 
indirect association within a larger protein com-
plex rather than a stable direct interaction in a 
single subcellular compartment. We therefore 
propose a working model in which DDOST pro-
motes cervical cancer progression partly 
through a DDOST-SMARCA4 functional axis, 
potentially by influencing SMARCA4 protein sta-
bility and/or transcriptional output. However, 
whether DDOST affects the subcellular localiza-
tion, half-life, chromatin occupancy, or tran-
scriptional regulatory activity of SMARCA4 
requires further investigation. Future studies 
using subcellular fractionation, immunofluores-
cence, reciprocal endogenous co-IP, proximity 
ligation assays, protein stability assays, and 
chromatin/transcriptome profiling will be need-
ed to clarify this mechanism.

Our study is the first to demonstrate that 
DDOST could be a biomarker for tumor progres-
sion and a potential therapeutic target. The 
interaction between DDOST and SMARCA4 may 
be a potential mechanism that requires further 
investigation. Collectively, our findings suggest 
that DDOST may serve as a potential biomarker 
associated with advanced disease and poor 
prognosis in cervical cancer, although these 
observations still require further validation in 
larger and more mechanistically detailed 
studies.

Limitations

This study has several limitations that should 
be acknowledged. First, although we identified 
the interaction between DDOST and SMARCA4 
by co-immunoprecipitation/LC-MS and sup-
ported its functional relevance through rescue 
experiments, the mechanistic investigation 
remains at the level of protein interaction iden-
tification and phenotypic association. The  
precise downstream signaling pathways and 
molecular events through which DDOST coop-
erates with SMARCA4 to promote cervical can-
cer progression were not fully elucidated. 

Second, the in vivo evidence was derived from 
a subcutaneous xenograft model, which cannot 
fully recapitulate the native cervical tumor 
microenvironment or the complex metastatic 
process of cervical cancer. Third, the clinical 
validation cohort was obtained from a single 
center and included a relatively limited number 
of samples, which may restrict the generaliz-
ability of the findings. Therefore, larger multi-
center studies, together with orthotopic or 
metastasis-relevant animal models and more 
in-depth mechanistic investigations, are war-
ranted to further validate and extend our 
conclusions.

Conclusion

In conclusion, we revealed a promotional effect 
of DDOST on CC. The interacting protein, 
SMARCA4, which exerts a synergistic effect on 
CC cells, was also identified. DDOST may be a 
possible screening biomarker and druggable 
target for CC diagnosis and treatment.
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Table S1. Primer sequence for shRNA and siRNAs synthesis information
Name Primer Sequence (5’ to 3’)
shDDOST Forward CCGGCTCACATTCAAGACCGCTGATCTCGAGATCAGC

GGTCTTGAATGTGAG
Reverse AATTCAAAAACTCACATTCAAGACCGCTGATCTCGAG ATCAGCGGTCTTGAATGTGAG

oeDDOST Forward CAGCTAGCGTTATTGAATTCATGGAGCCCAGCACCGC
GGC

Reverse TTCCACAGGAATCAGAATTCTCAGTCGGACTTCTCCTT
CTCCTTC

oeCTNNB1 Forward GATCTATTTCCGGTGAATTCCGCCACCATGGCTACTCA
AGCTGATTTG

Reverse TCCTTGTAGTCCATGGATCCCAGGTCAGTATCAAACCA
GGCCAG

oeSMARCA4 Forward AGGTCGACTCTAGAGGATCCCGCCACCATGTCCACTCC
AGACCCACCCCTGGGC

Reverse CACACATTCCACAGGCTAGCTCAGTCTTCTTCGCTGCCA
CTTCCTGAG

shNC Forward CCGGTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGA
CACGTTCGGAGAATTTTTG

Reverse AATTCAAAAATTCTCCGAACGTGTCACGTTCTCTTGAAA
CGTGACACGTTCGGAGAA

Abbreviation: sh, short hairpin; oe, over expression.

Table S2. Primer sequence for RT-PCR
Name Primer sequence (5’ to 3’)
DDOST Forward ATGGGGTACTTCCGGTGTG

Reverse GAAAAGCGAATGAGTCTCCCG
SMARCA4 Forward ATTGAGAATGCCAAGCAAGATG

Reverse ACACCAGCCACTCCAAACCT
GAPDH Forward TGACTTCAACAGCGACACCCA

Reverse CACCCTGTTGCTGTAGCCAAA

Table S3. Correlation between the mRNA expression level of DDOST and pathological grade in cervi-
cal cancer patients from TCGA and our hospital
Data Source Spearman’s rho P value
TCGA 0.162 0.007
Our hospital 0.319 0.022
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Table S4. Clinicopathological characteristics of CC patients
Patient Number Grade Score FIGO stage Histological grade lymph node metastasis
1 Low 3 II G1 No
2 High 4 I G2 No
3 Low 7 I G1 No
4 Low 4 III G2 Yes
5 Low 4 I G1 No
6 Low 2 IV G3 Yes
7 Low 3 I G1 No
8 Low 2 II G1 No
9 High 4 I G2 No
10 Low 3 I G1 No
11 Low 4 III G1 No
12 Low 2 I G1 No
13 Low 4 II G3 No
14 Low 4 I G1 No
15 High 1 I G2 No
16 Low 2 I G1 No
17 Low 6 I G1 No
18 High 8 II G1 No
19 Low 4 I G1 No
20 Low 4 I G1 No
21 Low 3 I G2 No
22 Low 4 II G1 No
23 Low 4 I G3 No
24 Low 4 I G1 No
25 High 10 I G2 No
26 Low 4 I G1 No
27 High 6 II G1 No
28 High 8 IV G1 Yes
29 Low 2 I G3 No
30 High 3 I G1 No
31 Low 3 I G1 No
32 High 8 I G1 No
33 Low 4 I G2 No
34 Low 2 II G1 No
35 Low 6 I G2 No
36 Low 2 I G1 No
37 Low 3 I G1 No
38 High 2 III G1 Yes
39 Low 6 I G3 No
40 Low 2 I G1 No
41 Low 8 I G2 No
42 Low 4 II G1 No
43 Low 8 I G1 No
44 High 3 I G1 No
45 Low 4 II G2 No
46 High 8 I G1 No
47 High 4 I G1 No
48 Low 10 I G2 No
49 Low 4 II G1 No
50 Low 4 I G1 No
51 Low 8 I G3 No
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Figure S1. SMARCA4 interacted and exerted synergized role with DDOST in CC cells (A) SiHa cells status 72 h after 
infection with different lentivirus particles including green fluorescent protein (GFP) or Cherry fluorescence (magni-
fication 200×). NC, control; KD, DDOST knockdown; OE, SMARCA4 overexpression. (B) DDOST knockdown (left) and 
SMARCA4 (right) overexpression efficiency after co-transfected with lentivirus particles in the presence of puromycin 
(3 μg/mL). NC, control; KD, DDOST knockdown; OE, SMARCA4 overexpression. Data are presented as mean ± SD 
from three independent experiments. Statistical significance is indicated as follows: *P < 0.05, **P < 0.01, ***P 
< 0.001; ns, not significant.

Figure S2. Immunohistochemistry analysis of the tumors was performed to detect the expression of DDOST, SMAR-
CA4, and downstream proliferation markers (Ki-67) and apoptosis markers (cleaved caspase-3).


