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Snai2 is a transcription factor that inhibits the proliferation of cervical cancer cells

and tumor growth. The expression of Snai2 inhibited the expression of b-catenin
and impaired Wnt/b-catenin signaling pathway activity. The results of the RNA

sequence in Snai2-overexpressing cervical cancer cells implied a strong

correlation between Snai2 and TRIM31 with ubiquitin ligase activity. However,

the mechanism by which Snai2 regulates TRIM31 remains unclear. In cervical

cancer cells, TRIM31 is highly expressed in cervical cancer cells and carcinoma

tissues and promotes the proliferation of cervical cancer cells. Furthermore,

overexpression or interference with TRIM31 could increase or inhibit the

expression of downstream proteins of the classical Wnt signaling pathway,

such as b-catenin, cyclin D1 and c-Myc. To the best of our knowledge, rescue

of TRIM31 in Snai2-overexpressing cervical cancer cells restored the expression

of b-catenin, cyclin D1 and c-Myc. Finally, Snai2 was shown to transcriptionally

inhibit the expression of TRIM31 by recognizing and binding to its E-box located

in the promoter region. Our findings provide new evidence that TRIM31 may

promote cell proliferation and that Snai2 may impair Wnt/b-catenin signaling

pathway activity through the transcriptional inhibition of TRIM31. These findings

provide new ideas for the regulation of tumor growth and targeted therapy by

Snai2-TRIM31 and the Wnt/b-catenin pathway axis.
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Introduction

Cervical cancer is the fourth most common cancer in the world

and the second most lethal malignant tumor in developing countries

(1). Although the prevention and screening of cervical cancer are

becoming increasingly effective, the incidence and mortality rates of

cervical cancer are still increasing annually in China, which seriously

threatens the health of women in China (2). Currently, cancer stem

cells drive the development of tumors and lead to recurrence,

metastasis, multidrug resistance, and radiation resistance (3). Many

intracellular signaling pathways and factors are involved in the

regulation of tumor stemness in cervical cancer cells (4–6).

Snai2 is a member of the highly conserved Snail zinc finger

transcription factor family and is involved in a variety of biological

processes, including cellular epithelial–mesenchymal transition

(EMT) (7). Snai2 plays an important role in promoting metastasis

in a variety of tumors. Moreover, it plays dual roles in promoting or

inhibiting the proliferation of tumor cells and the self-renewal of

cancer stem cells in different tumors. Our previous study revealed

that Snai2 was able to inhibit tumors with high EPCAM expression

and decrease the stem-cell-like properties of cervical cancer cells.

Snai2 negatively regulates the self-renewal of normal hematopoietic

stem cells, but the expression of Snai2 in acute myeloid leukemia

(AML) promotes the development of leukemia, and the loss of

Snai2 expression impairs the self-renewal of leukemia stem cells

(LSCs) through the Slc13a3/ROS pathway and significantly

prolongs the survival of individuals (8). Snai2 is enriched in basal

prostate stem cell (mPSC) populations, and the increased organoid

formation capacity of mPSC Snai2+ populations mediates

TMPRSS4-induced increases in SOX2 and ALDH activity and the

acquisition of CSC-like signatures in prostate cancer (9, 10). In

addition, Snai2 plays a role in promoting cancer stem cell-like

properties in tumor tissues such as head and neck squamous cell

carcinoma (HNSCC) and pancreatic cancer (11, 12).

TRIM31 (tripartite motif-containing 31) is a member of the TRIM

family with ubiquitin ligase activity, which is involved in a wide range

of biological and pathological processes, including autophagy,

inflammation, antiviral immunity, and tumorigenesis, by

ubiquitinating different substrates and activating a variety of signal

transduction pathways (e.g., Wnt/b-catenin, PI3K/Akt) (13). Recent
studies have shown that TRIM31 plays a role in promoting tumor

progression in a variety of tumors, such as liver cancer, colon cancer,

and bladder cancer (14–16). Currently, the role and potential molecular

mechanism of TRIM31 in cervical cancer are still unknown.
Materials and methods

Tissue specimens and cell lines

All the procedures followed medical ethics approval practices. 40

samples of normal cervical (NC) epithelia and 40 samples of

squamous cell carcinoma (SCC) tissue were collected from patients

at the First Affiliated Hospital of Xi’an Jiaotong University Medical

College from 2015 to 2020. None of the patients had received
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chemotherapy, immunotherapy or radiotherapy before specimen

collection. The human cervical cancer cell lines HeLa, SiHa, and C-

33 A were cultured in our laboratory. Dulbecco’s modified Eagle’s

medium (DMEM; Sigma Aldrich, USA) was used to culture HeLa,

SiHa and C-33 A cells.

Snai2 stably overexpression SiHa-Snai2 cell lines were generated

in our previous study. The CMV-SV40-TRIM31 and shRNA for

TRIM31 were purchased from Shanghai Genechem (Shanghai,

China). Then the CMV-SV40-TRIM31 and shRNA vectors were

transfected into C-33 A and SiHa cells with Lipofectamine 2000

reagent (Invitrogen, Carlsbad, CA, USA), and then the cells were

treated with G418 (Calbiochem, La Jolla, CA, USA) for three-four

weeks to generate stably overexpression and knockdown cell lines.
RNA preparation and transcriptome
resequencing

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to

extract the total RNA of SiHa-Vec (n=3) and SiHa-Snai2 (n=3)

monoclonal cells in this study for transcriptome resequencing. The

BGISEQ-500 platform was used to analyze the samples at the

Beijing Genomics Institute (BGI), and the average output of each

sample was 22.16 M. The average ratio of sample to genome was

94.15%, and the ratio of comparison to each gene set was 82.37%. A

total of 17838 genes were identified in this study. The experimental

analysis used the NOISeq method, which is a novel nonparametric

approach for the identification of differentially expressed genes

(DEGs) based on the thresholds of log2-fold change > 1 and a

probability ≥ 0.80, FDR ≤ 0.001. Subsequent data analysis was

performed online by Dr. Tom from the Beijing Genomics Institute.
Western blot

As described in a previous study, the procedure was performed

step by step. The primary antibodies against human Oct4 (1:500, sc-

5279), Sox2 (1:500, sc-365823), cyclin D1 (1:1000, sc-8396) and

GAPDH (1:1000, sc-47724) were purchased from Santa Cruz

Biotechnology (Dallas, TX, USA), and TRIM31 (1:1000, YN1699)

was purchased from ImmunoWay Biotechnology Company (Plano,

TX, USA). b-catenin (1:1000, #8480), Snai2 (1:1000, #9585), and c-

myc (1:1000, #8583) were purchased from Cell Signaling

Technology (Littleton, CO, USA). The secondary antibodies anti-

rabbit or anti-mouse IgG were purchased from Thermo Fisher

Scientific (New York, NY, USA). The relative densities of the

Western blot bands were measured via the Alpha View system

(Cell Biosciences, Santa Clara, CA, USA).
CCK8 and MTT assays

Cell viability was analyzed with Cell Counting Kit‐8

((TargetMol, Boston, USA) according to the manufacturer’s

protocols. The cells were seeded and cultured at a density of 1000
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per well in 100 mL of medium in 96‐well microplates (Corning,

USA). Then, the cells were treated with various concentrations of

Tan‐I (0, 1.2, 2.4, 4.8 and 9.6 mg/mL). After treatment for 24 h, 10

mL of CCK‐8 reagent was added to each well, and the cells were then
cultured for 2 h. All the experiments were performed in triplicate.

The absorbance was analyzed at 450 nm via a microplate reader

(Bio‐Rad, Hercules, CA, USA) using wells without cells as blanks.

The proliferation of the cells was expressed as the absorbance.

For 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium

bromide (MTT), cells (1000 cells per well) were seeded in 96-well

plates (with six parallel samples per condition). The cells were

assessed every day (7 days total) via the MTT assay according to

standard protocols (Sigma-Aldrich, USA). Briefly, 20 ml of MTT (5

mg/mL) was added to each well and incubated for 4 h at 37°C,

followed by the dissolution of 150 mL of dimethyl sulfoxide. The

number of live cells was determined by the absorbance at 490 nm

(Bio-Rad). Each experiment was performed in triplicate.
Frontiers in Oncology 03
Immunostaining

Both the immunohistochemistry and immunocytochemistry

experiments were similar with those in previous studies. TRIM31

(1:100, YN1699) was purchased from ImmunoWay Biotechnology

Company. The immunohistochemistry results were examined by

two separate researchers via an Olympus CX31 microscope

(Olympus, Tokyo, Japan) in five randomly selected representative

fields at 40× magnification. The evaluation of TRIM31 staining was

performed via the immunoreactivity score (IRS). The score was

determined by multiplying the staining intensity by the degree of

staining. The intensity of TRIM31 staining was scored as 0

(negative), 1 (weak), 2 (moderate), or 3 (strong). The extent of

staining was scored as 0 (0%), 1 (1%-25%), 2 (26%-50%), 3 (51%-

75%), or 4 (76%-100%) according to the percentage of positively

stained cells. TRIM31 staining was classified into two categories

according to the IRS: negative (1-4) and positive (5-12).
FIGURE 1

Relationship between TRIM31 and Snai2. (A) Differential gene expression by RNA sequencing of SiHa-Snai2 and SiHa-Vec cells is presented as the
number of genes (A) and volcano plot (B). (C) Relative expression of TRIM31 determined by RNA sequencing in SiHa-Snai2 cells compared with SiHa-
Vec cells. (D) The correlation between Snai2 and TRIM31 in cervical cancer in GEPIA online database. (E) The RNA expression level of TRIM31
determined by real-time PCR. (F) The protein expression level of TRIM31 in SiHa-Snai2-overexpressing cells and control SiHa cells. (G) The correlation
between the Snai2 and TRIM31mRNA level in cervical cancer patient tissues was analyzed via TIMER2.0 online database. ** p < 0.01.
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Soft agar colony formation assay

A soft agar assay was used to evaluate the capacity for long-term cell

proliferation and survival in 3D culture. The culture mixture containing

0.5% low-melt agarose was plated in the lower layer of the six-well plates

and then cultured at 37°C for 4–5 h. The upper layer containing low-

melting agarose at a final concentration of 0.3% was mixed with 2000

cells per well, 500 mL of the culture mediumwas added, and the mixture

was subsequently cultured for 2–4 weeks at 37°C. Image J (version 1.48)

software was used to count the number of colonies.
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Luciferase reporter assay

For promoter analyses, six fragments (from position -134 bp to

-680 bp relative to TRIM31) containing the E-box site of CANNTG

were cloned and inserted into the pGL3-Basic vector (Promega,

Madison, WI, USA) to generate TRIM31 promoter reporter

constructs. Plasmids containing firefly luciferase reporters were

cotransfected into SiHa-Snai2 cells and control cells in triplicate

via Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The

thymidine kinase promoter Renilla luciferase reporter plasmid
FIGURE 2

TRIM31 expression in cervical cancer. (A) Analysis of the median expression of TRIM31 in a variety of tumor tissues and normal tissues in GEPIA
online database. (B) Analysis of the effect of the TRIM31 expression on the prognosis of cervical cancer patients in an online database. (C) Heatmap
between TRIM31 mRNA expression and patient survival in different clinical tumor samples in TIMER2.0 online database. (D) Immunohistochemistry of
TRIM31 in SCC and NC; original magnification, ×1000. (E) TRIM31 staining was classified into 2 categories (negative and positive), and the percentage
of each group is shown for 40 NC samples and 40 SCC samples. (F) Western blot of TRIM31 in the cervical cancer cell lines C-33 A, SiHa, and HeLa.
(G) Immunocytochemistry of TRIM31 in the cervical cancer cell lines C-33 A, SiHa, and HeLa.
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(pRL-TK) was used as an internal control. The activity of both the

firefly and Renilla luciferase reporters was detected 48 h after

transfection via a dual-luciferase assay kit (Promega, Madison,

WI). The specific promoter activity is presented as the relative

ratio of firefly luciferase activity to Renilla luciferase activity. The
Frontiers in Oncology 05
specific promoter activity is presented as the change in the SiHa-

Snai2 group versus the SiHa-GFP group. The primers and

oligonucleotides used are listed in the supplemental information,

Supplementary Table S1. Restriction enzymes were obtained from

TaKaRa. All the constructs were verified by sequencing. The specific
FIGURE 3

TRIM31 promotes the proliferation of cervical cancer cells. (A) Western blotting was used to detect the expression of TRIM31, Sox2 and Oct4 in C-33
A cells (C-33 A-TRIM31) and control C-33 A cells (C-33 A-GFP); CCK8 (B) and MTT (C) assays were used to detect the effect of the overexpression
of TRIM31 on the proliferation of C-33 A cells. (D) Western blotting was used to detect the impaired expression of TRIM31, Sox2 and Oct4 in SiHa
cells (SiHa-shTRIM31) and control SiHa-TRIM31 cells (SiHa-GFP); CCK8 (E) and MTT (F) assays were used to detect the effect of impaired expression
of TRIM31 on the proliferation of SiHa cells. (G) Soft agar colony formation assay of C-33 A-TRIM31 and C-33 A-GFP cells. (H) Numbers of clones
were calculated between C-33 A-TRIM31 and C-33 A-GFP cells. (I) Soft agar colony formation assay of SiHa-shTRIM31 and SiHa-GFP cells.
(J) Numbers of clones were calculated between SiHa-shTRIM31 and SiHa-GFP cells; *p < 0.05, **p < 0.01.
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activity is shown as the fold change in the SiHa-Snai2 group versus

the SiHa-GFP group.
Quantitative chromatin
immunoprecipitation

SiHa-Snai2 and SiHa-GFP cells were subjected to ChIP via an

EZ-ChIP Assay Kit (Millipore). As described in a previous study,

the cells were treated with 37% formaldehyde to crosslink proteins,

and the reaction was terminated with 0.125 M glycine. After

son i ca t i on , the chromat in -p ro t e in complexe s were

immunoprecipitated with 5 mg of anti-Snai2 antibodies (#9585,

Cell Signaling Technology) or 1 mg of mouse IgG. Real-time PCR
Frontiers in Oncology 06
was performed to amplify the regions of interest or internal negative

control regions. Each sample was assayed in triplicate, and the fold

enrichment ratio was calculated as the value of the ChIP sample

versus the corresponding input sample. Samples that yielded

twofold enrichment or better were considered positive targets.

The primers used for these studies are listed in the supplemental

information, Supplementary Table S2.
Statistical analysis

Student’s t test or one-way ANOVA was used for univariate

analyses. Statistical analyses were performed via the Statistical

Package of Social Science (SPSS) software, version 20.0 (SPSS
FIGURE 4

TRIM31 may communicate with Snai2 and the Wnt/b-catenin pathway. (A) Western blot of b-catenin, cyclin D1 and c-myc (downstream of Wnt/b-
catenin) in C-33 A-TRIM31 and C-33 A-GFP cells with the analyzed relative density. (B) Western blot analysis of the relative density of b-catenin,
cyclin D1 and c-myc (downstream of Wnt/b-catenin) in SiHa-shTRIM31 and SiHa-GFP cells. (C) Western blot of b-catenin, cyclin D1 and c-myc in
C-33 A-TRIM31 cells treated with the Wnt/b-catenin pathway inhibitor XAV. (D) Western blot of b-catenin, cyclin D1 and c-myc in SiHa-Snai2 cells,
which rescued TRIM31 expression. (E) Schematic representation of the reporter construct containing the firefly luciferase coding sequence fused to
the TRIM31 promoter region, which was separated into 6 parts. (F) Luciferase reporter assays showing six TRIM31 promoter region fragments
recognized by Snai2 in SiHa-Snai2 cells. (G) Chromatin immunoprecipitation showed that Snai2 bound to the E-box of the P1 and P2 fragments of
the TRIM31 promoter region. *p < 0.05, **p < 0.01.
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Inc., Chicago, IL, USA). All the tests were two-sided. A p < 0.05 was

considered to indicate statistical significance.
Results

The expression of TRIM31 is negatively
related to Snai2

RNA sequencing was performed in SiHa cells with exogenous

Snai2 expression (SiHa-Snai2) and matched control cells (SiHa-

Vec). Approximately 294 genes were downregulated and 500 genes

were upregulated in SiHa-Snai2 cells compared with SiHa-Vec cells

(Figures 1A, B). The downregulation of TRIM31 was detected in

Snai2-overexpressing SiHa cells (Figures 1C, D), which was also

confirmed at the mRNA and protein levels (Figures 1E, F). An

online database (http://gepia.cancer-pku.cn/) of cervical cancer

tissue and normal cervical tissue also revealed a negative

relationship between TRIM31 and Snai2 (Figure 1G).
Aberrant expression of TRIM31 in cervical
cancer

The level of TRIM31 expression was highly variable across

different types of tumors (Figure 2A), and the correlation between

TRIM31 expression and patient survival in cervical cancer and other

multiple tumors was shown in Figures 2B, C, according to the online

database. Furthermore, the positive expression of TRIM31 in SCC

was significantly greater than that in the NC (Figures 2D, E). TRIM31

was detected in the C-33 A, SiHa and HeLa cervical cancer cell lines

and was highly expressed in SiHa and HeLa cells (Figures 2F, G).

These results indicated that the expression of TRIM31 was aberrant

in cervical cancer cells and cervical cancer tissues.
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TRIM31 enhances stem cell-like properties
properties in cervical cancer

TRIM31 expression in C-33 A cells was upregulated by stable

transfection of a constructed TRIM31-expressing plasmid (C-33 A-

TRIM31) (Figure 3A) and downregulated in SiHa cells by stable

transfection of a shRNA-targeting TRIM31 plasmid (SiHa-

shTRIM31) (Figure 3D). Compared with those of the control

group, the CCK8 and MTT assays revealed an enhancement of

the proliferation of C-33 A-TRIM31 cells and a decrease in the

proliferation of SiHa-shTRIM31 cells compared with that of the

control group (Figures 3B-F). In brief, TRIM31 promoted

the proliferation of cervical cancer cells, whereas defects in the

expression of TRIM31 impaired cervical cancer cell proliferation.

More colonies formed in C-33 A-TRIM31 cells than in the

corresponding control cells according to the soft agar colony

formation assay, whereas fewer colonies formed in SiHa-shTRIM31

cells than in the corresponding control groups (Figures 3G-J).

Moreover, Sox2 and Oct4 were significantly upregulated in C-33

A-TRIM31 cells compared with those in C-33 A-GFP cells

(Figure 3A). In contrast, Sox2 and Oct4 were significantly

downregulated in SiHa-shTRIM31 cells compared with SiHa-GFP

cells (Figure 3D). These findings confirmed that TRIM31 promoted

the malignant proliferation of cervical cancer cells.
TRIM31 may act as a communicator
between Snai2 and the Wnt/b-catenin
pathway

Several studies have demonstrated that TRIM31 enhances the

Wnt/b-catenin pathway during the oncogenesis and development of

gastric cancer (GC) and acute myeloid leukemia (AML) (17, 18).

Wnt/b-catenin pathway activity was examined in cervical cancer
FIGURE 5

Summary of the mechanism by which Snai2 may impair Wnt/b-catenin pathway activity by transcriptionally inhibiting TRIM31.
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cells with aberrant expression of TRIM31, as mentioned above. The

downstream proteins of the classical Wnt signaling pathway, b-
catenin, cyclin D1 and c-myc, were significantly upregulated in C-33

A-TRIM31 cells compared with those in C-33 A-GFP cells

(Figure 4A). In contrast, b-catenin, cyclin D1 and c-myc were

significantly downregulated in SiHa-shTRIM31 cells compared

with SiHa-GFP cells (Figure 4B). XAV, an inhibitor of the Wnt/b-
catenin pathway, can simulate the degradation of b-catenin. The
application of XAV to C-33 A-TRIM31 cells resulted in a significant

reduction in b-catenin, cyclin D1 and c-myc levels (Figure 4C).

These results suggested that the expression of TRIM31 could

increase the activity of the Wnt/b-catenin pathway. Snai2 was

proven to inhibit the activity of the Wnt/b-catenin pathway in our

previous studies. Whether TRIM31 is a member of the Snai2-Wnt/b-
catenin pathway axis needs to be confirmed. Furthermore, the levels

of b-catenin, cyclin D1 and c-myc were restored when the expression

of TRIM31 in SiHa-Snai2 cells was rescued (Figure 4D). These

findings suggested that TRIM31 might communicate between Snai2

and the Wnt/b-catenin pathway. TRIM31 was regulated by Snai2 via

a dual-luciferase reporter assay and ChIP for the next step. Snai2 can

recognize and bind to the -680 to -491bp promoter region of

TRIM31 (Figures 4E-G). These findings indicate a new possible

mechanism by which Snai2 regulates the Wnt/b-catenin pathway by

transcriptionally inhibiting TRIM31. However, the mechanism by

which TRIM31 regulates the Wnt/b-catenin pathway remains to be

further explored (Figure 5).
Discussion

The ubiquitination process is catalyzed by E1, E2 and E3, among

which E3 ubiquitin ligases are involved mainly in the recognition and

binding of target proteins (19). TRIM31 functions as an E3 ubiquitin

ligase that belongs to the TRIM family. This study is the first to

confirm that TRIM31 is upregulated in cervical cancer and promotes

the proliferation of cervical cancer cells (Figures 2, 3). However, the

clinical correlation of TRIM31 with cancer is still elusive. TRIM31 is

upregulated in a variety of tumors, such as hepatocellular carcinoma,

gallbladder cancer and colorectal cancer, and is associated with an

aggressive phenotype, advanced disease status and poor prognosis

(15, 16, 20). These findings suggest that the upregulation of TRIM31

is a common feature of many epithelial cancers and predicts a

poor prognosis.

The effects of TRIM31 on the proliferation of cervical cancer

cells were investigated, and TRIM31 significantly increased

proliferation in vitro (Figure 3). Interestingly, TRIM31 promoted

the expression of downstream genes of the Wnt/b-catenin pathway,

whereas an inhibitor of the Wnt/b-catenin pathway blocked this

ability (Figures 4A-C). TRIM31 regulates Wnt/b-catenin signaling

to promote acute myeloid leukemia progression and sensitivity to

daunorubicin (18). TRIM31 promotes gastric cancer cell

proliferation and invasion through activating the Wnt/b-catenin
pathway by regulating Axin1 protein stability (17). In gallbladder
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cancer, TRIM31 promotes proliferation and invasion via the PI3K/

Akt signaling pathway. The PI3K/AKT/IKK alpha pathway

regulates the activation of NF-kappa B and b-catenin in CRC cell

lines (16, 21). In summary, similar with its role in other tumors,

TRIM31 may promote the proliferation of cervical cancer cells

through the classical Wnt pathway.

The negative correlation between Snai2 and TRIM31 was

confirmed in our research (Figure 1), which has not been

reported previously. This study reveal that Snai2 recognizes and

binds to the E-box region of TRIM31 and regulates the expression

of TRIM31 (Figures 4E-G). Snai2 was found to inhibit the Wnt/b-
catenin signaling pathway in cervical cancer in our previous studies

(22). Interestingly, TRIM31 promotes the expression of genes

downstream of the Wnt/b-catenin pathway. Furthermore, when

the expression of TRIM31 in SiHa-Snai2 cells was rescued, genes

downstream of the Wnt/b-catenin pathway were recovered

(Figure 4D). These findings suggest the possible role of TRIM31

in the mechanism by which Snai2 inhibits the Wnt/b-catenin
pathway (Figure 5). TRIM31 has been proposed to be involved in

several carcinogenic mechanisms, such as regulating the P53,

mTORC1, PI3K-Akt, NF-kappa B and Wnt/b-catenin pathways

to promote tumor onset and progression (23).

Although this study has demonstrated that TRIM31 is a tumor

enhancer in cervical cancer cells and probably as a potential target

factor of the transcription factor Snai2, further validation is still

required to confirm the role of TRIM31 in promoting tumor growth

in animal models and further investigate whether TRIM31 holds

clinical significance in cervical cancer it would be more important.

Despite our intention to analyze the correlation between TRIM31

and the survival of cervical cancer patients using online databases,

regrettably, no significant positive results were obtained. We

propose that the underlying reason may be associated with its

dual role in cancer (tumor suppressor role or oncogene role) (23).

Additionally, further studies are still needed to elucidate the

molecular mechanisms by which TRIM31 regulates the activity of

the Wnt/b-catenin signaling pathway. These studies will further

elucidate the potential role of the Snai2-TRIM31-Wnt/b-catenin
pathway axis in the progression of cervical cancer.
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