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Abstract
Background  Cervical cancer is the second most common cancer among women living in developing countries. Farnesoid 
X receptor (FXR) is a member of the nuclear receptor family, which regulates the development and proliferation of cancer. 
However, the role of and molecular mechanism by which FXR acts in cervical cancer are still unknown.
Methods and results  The relationship between FXR and the proliferation of cervical cancer cell lines was detected by MTT 
and colony formation assays. Immunohistochemistry was used to detect the expression of FXR in cervical cancer tissue slides. 
Western blotting was used to detect the expression of p14ARF, mouse double minute 2 (MDM2) and p53 when FXR was 
overexpressed or siRNA was applied. Western blotting was used to detect the expression of MDM2 and p53 when pifithrin-α 
(PFT-α) was applied. FXR activation inhibited the proliferation of cervical cancer cell lines. FXR was significantly decreased 
in cervical squamous cell carcinoma, which was correlated with TNM stage, but not with metastasis. Overexpression of 
FXR activated the p14ARF-MDM2-p53 pathway. As a p53 inhibitor, PFT-α increased MDM2 in Lenti-vector cells, but had 
no effect on MDM2 in Lenti-FXR cells.
Conclusions  FXR inhibits cervical cancer by upregulating the p14ARF-MDM2-p53 pathway. Activation of FXR may be a 
potential strategy for the treatment of cervical cancer.

Keywords  FXR · Cervical cancer · p14ARF · MDM2 · p53

Introduction

Cervical cancer is the second most common cancer among 
women living in developing countries, with 230,000 deaths 
every year [1] and 570,000 new cases diagnosed in 2018 
alone [2]. The treatment includes surgery, radiotherapy and 
chemotherapy. The side effects of radiotherapy and chemo-
therapy are obvious, and chemotherapy resistance should be 
considered. Therefore, it is necessary to find other methods 
to treat cervical cancer [3].

The nuclear receptor (NR) superfamily is composed of 
48 members. After activation by specific ligands such as 
hormones, vitamins, and lipophilic metabolites, the NR 
superfamily activates target genes and mediates a wide 
range of physiological processes, including development, 
metabolism and reproduction. Farnesoid X receptor (FXR) 
is a member of the NR family that not only participates in 
the regulation of bile acid, lipid [4] and glucose metabolism 
[5] but also plays an important role in tumorigenesis. FXR 
controls the balance of bile acids and protects the liver from 
bile acid-induced damage. FXR−/− mice show persistent 
hypercholesterolemia and spontaneous liver cancer at 12 to 
15 months old [6, 7]. In addition to hepatocarcinoma, FXR 
is also involved in the tumorigenesis of other cancers. FXR 
agonists such as chenodeoxycholic acid (CDCA) increase 
the apoptosis of Barrett's esophagus cells and inhibit the 
occurrence of esophageal cancer [8]. FXR deletion leads 
to intestinal cancer. Activation of FXR may be a target for 
the prevention or treatment of colon cancer [9]. FXR also 
plays a key role in hormone-related tumors. The FXR ago-
nists CDCA and GW4064 induce apoptosis in the breast 
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cancer cell lines MCF-7 and MDA-MB-468 [10]. CDCA 
inhibits the growth of R2C cells, which indicate that FXR 
antagonizes the androgen pathway and inhibits the growth 
of Leydig cells [11]. However, the role of FXR in growth 
regulation, apoptosis and tumorigenesis is not completely 
understood, especially in cervical cancer.

Cyclin-dependent kinase inhibitor 2A (CDKN2A) is 
located on human chromosome 9p21 and encodes two rela-
tively independent proteins, p14ARF and p16INK4A. These 
two proteins are formed by splicing of different mRNA 
fragments from the same gene and regulate the cell cycle 
and apoptosis through the p14ARF-mouse double minute 
2 (MDM2)-p53 and p16INK4a-cyclin-dependent kinases 
4 and 6 (CDK4/6)-pRb pathways, respectively [12]. As a 
cell cycle regulator, p14ARF is silenced in many tumors and 
inhibits cell proliferation in the G1-S and G2-M phases [13, 
14]. Overexpression of MDM2 has been shown to exert 
oncogenic activity and is associated with tumor grade and 
prognosis [15, 16]. MDM2 is dysregulated in many cancers 
and exerts oncogenic activity [17] mainly by promoting the 
nuclear export and degradation of p53 [18] and inhibiting 
the anticancer effect of p53 [19]. P53, located on chromo-
some 17p, functions in cell cycle regulation. Inactivation of 
p53 leads to tumor proliferation and development [20] and 
plays an important role in cervical cancer.

Despite this extensive background knowledge, the role of 
FXR and its mechanism in cervical cancer remain unclear. 
Therefore, this study aims to explore the role and mechanism 
of FXR in cervical cancer. We demonstrate that FXR inhib-
its cervical cancer by upregulating the p14ARF-MDM2-p53 
pathway.

Methods

Chemicals

Pifithrin-α (PFT-α, Santa Cruz, USA) was dissolved in dime-
thyl sulfoxide (DMSO, Sigma, USA) to a final stock concen-
tration of 20 µmol/l.

Cell culture

The cervical adenocarcinoma cell lines CaSki and HeLa 
were procured from the American Type Culture Collection 
(ATCC, USA), and the cervical squamous cell carcinoma 
cell line SiHa was procured from the Cell Bank of Typical 
Culture Preservation Committee of the Chinese Academy 
of Sciences (China). The cell lines were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM, Life Technologies, 
USA) supplemented with 10% fetal bovine serum (Biowest, 
USA) and 100 µg/ml penicillin and streptomycin (Beyotime, 
China) in a humid atmosphere with 5% CO2 at 37 °C. The 

medium was changed every two days. The cells were identi-
fied by morphological identification and short tandem repeat 
(STR) analysis.

MTT

CaSki, HeLa and SiHa cells were plated on 96-well plates 
(3 × 103 cells/well). Different FXR agonists, such as cholic 
acid (CA, 100 µg/ml) [21], CDCA (50 µmol/l) [22–24] and 
GW4064 (2 µmol/l) [22], were added and incubated for 24 h, 
48 h and 72 h. Subsequently, MTT (5 mg/ml, Sigma, USA) 
was transferred to each well, and the plates were incubated 
for another 4 h. Then, DMSO was added to dissolve the 
formazan crystals. The signal of each plate was measured 
at 490 nm on a microplate reader (SpectraMax, USA). The 
cell viability ratio was calculated by the following formula: 
[A(control) − A(treated)]/A (control) × 100%. A(control) 
and A(treated) are the average absorbance of three parallel 
experiments.

Colony formation assay

Cells were plated in 6-well dishes at 500 cells/well. The 
cells were treated with CDCA (50 μmol/l) after adhesion and 
incubated for 2 weeks until the colonies were large enough to 
be visualized. Then, the cells were washed with PBS, fixed 
with 4% paraformaldehyde and stained with Giemsa. Clones 
were counted by Image-Pro Plus 6 software. The colony 
formation rate was calculated as follows: colony formation 
rate = (colony numbers/cell inoculation numbers) × 100%.

Immunohistochemistry

A tissue slide containing 183 tissue samples was purchased 
from Alenabio (China, Supplementary Table 1). The tissue 
slide was deparaffinized in xylene and rehydrated in differ-
ent concentrations of alcohol. After being boiled in citrate 
buffer at high temperature for antigen retrieval, the slides 
were incubated with H2O2 to block endogenous oxidase 
activity and then blocked with 5% BSA (Boster, USA). The 
slide was incubated with rabbit anti-FXR primary antibody 
(Supplementary Table 2) at 4 ℃ overnight. The next day 
after washing with PBS, the slide was incubated with goat 
anti-rabbit IgG-HRP (Supplementary Table 2). The slide 
was examined with an Olympus microscope and analyzed 
by Image-Pro Plus 6 software.

Lentivirus‑mediated transfection

A lentivirus encoding FXR was transfected into cervi-
cal cancer cells, and the medium was changed after 12 h. 
Because the lentivirus carries the puromycin resistance gene, 
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puromycin was used to screen puromycin-resistant cells with 
FXR overexpression, which was confirmed by western blot.

RNA extraction and real‑time quantitative PCR

RNA was extracted with TRIzol (Takara Bio, Inc.). After 
being washed with 75% alcohol, RNA was dissolved in 20 μl 
DEPC-treated water, and the concentration was determined 
by spectrophotometry. PrimeScript™ reverse transcriptase 
(Takara Bio, Inc.) was used for reverse transcription. Real-
time quantitative PCR was performed using an ABI 7500 
machine with reaction conditions of 95 °C for 5 s and 60 °C 
for 34 s for 40 cycles. β-Actin acted as a reference. The 
primer sequences are shown in Supplementary Table 3.

Western blot

A total of 3 × 105 cells were seeded in 60 cm2 culture dishes, 
washed with cold PBS and lysed with RIPA lysis buffer 
(Beyotime, China) on ice. The concentration of protein was 
measured by a Pierce™ Protein BCA assay kit (Thermo, 
USA) with a microplate reader (SpectraMax, USA) at 
562 nm. Twenty micrograms of protein extracts from the 
cell were resolved by 10–12% SDS-PAGE and transferred 
to nitrocellulose membranes (Boster, USA). After being 
blocked at 37 °C for 1 h, the membranes were incubated with 
the primary antibodies shown in Supplementary Table 2 at 

4 °C overnight, followed by incubation with HRP anti-rabbit 
or HRP anti-mouse IgG (Supplementary Table 2). β-Actin 
was used as a control.

Gene silencing by small interfering RNA (siRNA)

CaSki, HeLa and SiHa cells were transiently transfected with 
siRNA by using Lipofectamine 2000 (Invitrogen, USA). The 
medium was replaced with fresh medium 6 h after transfec-
tion, and protein was extracted 48 h after transfection. Hs-
p14ARF/MDM2/TP53-siRNA (Supplementary Table 4) was 
purchased from Biotend Co., Ltd. (China).

Results

FXR inhibits the proliferation of cervical cancer cell 
lines

To determine the relationship between FXR and cervical 
cancer cell lines, MTT and colony formation assays were 
used to detect the effect of FXR agonists on cervical cancer 
cell lines. As shown in Fig. 1A, GW4064, CA and CDCA 
decreased the survival rate of cervical cancer cells com-
pared with DMSO (p < 0.05). CDCA is the most effective 
physiological ligand for FXR [25, 26], as confirmed by the 
MTT analysis. CDCA had the strongest inhibitory effect on 

Fig. 1   FXR inhibits the proliferation of cervical cancer cell lines
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cervical cancer cell lines at 72 h. Therefore, CDCA was 
chosen as the FXR agonist in the colony formation assay 
and showed stronger inhibition ability than DMSO in CaSki, 
HeLa and SiHa cells (Fig. 1B, C, p < 0.05).

Expression of FXR in cervical cancer tissues

To confirm the relationship between FXR and cervi-
cal cancer tissues, the expression of FXR was detected in 
human normal cervical tissues and cervical cancer tissues 
to determine whether FXR is involved in cervical cancer. 
A tissue microarray containing 162 specimens of cervical 
cancer tissues and 21 specimens of normal cervical tissues 
was assessed by immunohistochemistry (Supplementary 
Table 1). As shown in Fig. 2, the FXR protein content in 
normal cervical tissues was approximately twice as high 
as that in cervical cancer tissues (p < 0.05) and decreased 
gradually with stage. That is, FXR may play an important 
role in the occurrence of cervical cancer. FXR was signifi-
cantly decreased in cervical squamous cell carcinoma and 
correlated with TNM stage. However, a correlation between 
FXR and tumor metastasis was not observed.

Construction of cervical cancer cell lines stably 
overexpressing FXR

To further study the relationship between FXR and cervical 
carcinogenesis, FXR-overexpressing cell lines (Lenti-FXR) 
and the vector control (Lenti-Vector) were constructed by 
lentivirus transfection. The results showed that the mRNA 
levels of FXR in the Lenti-FXR groups were 100 times 
higher than those in the Lenti-Vector groups (Fig. 3A, 
p < 0.05), while the FXR protein levels in the Lenti-FXR 
groups were increased by approximately 40 times compared 
with those in the Lenti-Vector groups (Fig. 3B, C, p < 0.05).

Overexpression of FXR activates 
the p14ARF‑MDM2‑p53 pathway

To elucidate the mechanism by which FXR overexpression 
inhibits the proliferation of cervical cancer cell lines, the 
levels of protein in the p14ARF-MDM2-p53 pathway were 
detected. Overexpression of FXR increased the levels of 
protein in the p14ARF-MDM2-p53 pathway in CaSki, HeLa 
and SiHa cell lines compared with those in the Lenti-Vector 
groups (Fig. 3D, E, p < 0.05).

To study the relationship among members of the 
p14ARF-MDM2-p53 pathway, siRNAs were used to knock-
down p14ARF, MDM2 or p53 individually, and the levels of 
the other two proteins were detected by western blot. We 
found that the protein levels of MDM2 and p53 decreased 
when p14ARF was knocked down. The protein levels of 
p14ARF remained unchanged while the protein levels of p53 
increased when MDM2 was knocked down. The protein lev-
els of both p14ARF and MDM2 were increased when p53 was 
knocked down (Fig. 3F–K, p < 0.05).

To clarify the relationship between MDM2 and p53, PFT-
α, a p53 inhibitor, was applied. PFT-α is a small molecule 
that has been widely used as a specific inhibitor of p53 [27]. 
In Lenti-vector cells, the protein levels of MDM2 in the 
PFT-α groups were increased compared with those in the 
DMSO groups (Fig. 4A, B, p < 0.05). However, there was 
no significant difference in MDM2 protein levels in Lenti-
FXR cells between the PFT-α groups and DMSO groups 
(Fig. 4C, D, p < 0.05).

Discussion

In 2018, approximately 570,000 cases of cervical cancer 
were diagnosed and 311,000 people died of the disease 
worldwide. Cervical cancer is the fourth most common 

Fig. 2   Expression of FXR in cervical cancer tissues
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cancer in women. The number of cervical cancer cases is 
particularly concerning in developing countries such as 
China and India [28]. The development of cervical cancer 

is complicated. Among many factors, human papillomavi-
rus (HPV) is the main pathogenic factor [29]. Many studies 
have shown that high-risk HPV promotes the occurrence and 

Fig. 3   FXR upregulates the p14ARF-MDM2-p53 pathway in cervical cancer cell lines
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development of cervical cancer by inhibiting key proteins 
such as p53 [30]. In fact, less than 10% of people infected 
with HPV eventually develop cervical cancer, indicating that 
other factors are involved in the formation and development 
of cervical cancer.

In this study, according to MTT and colony formation 
assays, FXR activation inhibited the proliferation of three 
cervical cancer cell lines. These findings are consistent with 
the ability of FXR overexpression to inhibit the proliferation 
of cervical cancer cells, leading to G1 phase arrest [31]. This 
effect may be related to HPV E6 and E7 proteins, which 
degrade the tumor suppressors p53 and pRb, resulting in S 
phase entry without G1 arrest [32]. Resveratrol, a naturally 
polyphenolic compound found in grapes, peanuts and other 
plant sources, inhibits the occurrence of cervical cancer by 
inhibiting the transcription and translation of E6 and E7, 
promoting cell apoptosis and G1/S arrest [33].

It is well known that estrogen signaling in the tumor 
microenvironment is related to the tumorigenesis and pro-
gression of cervical cancer [34]. FXR may play a role in 
cervical cancer through estrogen. Activation of FXR has 
been confirmed to inhibit estrogen signaling in breast cancer, 
testicular cancer and endometriosis [35]. FXR is a nega-
tive regulator of the estrogen-converting aromatase enzyme. 
The interaction between FXR and estrogen receptor (ER) 
activated by CDCA induced apoptosis of the positive ER 
cell line MCF-7 [10], while the negative ER cell line MDA-
MB-231 was not sensitive to FXR [36], which indicated that 
FXR could induce apoptosis of breast cancer cells through 
the estrogen pathway. The antiproliferative effect of CDCA 
on Leydig cells was partly due to the inhibition of estrogen-
dependent cell growth, which confirmed that the FXR ago-
nist is a negative regulator of aromatase in testis stromal 
tumor cell lines [11].

CDKN2A, located on human chromosome 9p21, 
encodes two tumor suppressor genes, p14ARF and 
p16INK4A, which enhance the growth inhibition of 
p53 and pRb through the p14ARF-MDM2-p53 and 

p16INK4A-CDK4/6-pRb pathways, respectively. In contrast, 
the E6 and E7 oncoproteins of high-risk HPV associated 
with cervical carcinogenesis promote tumor develop-
ment by inactivating p53 and pRb [37]. We found that 
overexpression of FXR activated the p14ARF-MDM2-p53 
pathway.

As a cell cycle regulator, p14ARF mediates the G1-S/
G2-M checkpoints of the cell cycle [38] in a p53-dependent 
manner, leading to either cell cycle arrest or apoptosis [39]. 
P14ARF prevents the formation of the MDM2-p53 complex, 
thus inhibiting the degradation of p53 induced by MDM2. 
MDM2 and p53 combine in the nucleus and migrate from 
the nucleus to the cytoplasm, where p53 is ubiquitinated and 
degraded by ubiquitin ligase E3, which inhibits the activity 
of p53. p14ARF binds to MDM2, fixes it in the nucleus, and 
inhibits the effect of MDM2 on p53, thus reducing the ubiq-
uitination of p53, increasing protein synthesis, and causing 
cell cycle arrest in the G1/S or G2/M phase [40, 41].

In the siRNA assay, we found that the protein levels of 
MDM2 and p53 were decreased in Lenti-FXR cells when 
p14ARF was knocked down. On the one hand, p14ARF binds 
to MDM2 and fixes it to the nucleolus, inhibits the effect of 
MDM2 on p53, and reduces the ubiquitination of p53 [40, 
41]. On the other hand, overexpression of FXR inhibits the 
binding, translocation to the cytoplasm, and ubiquitination 
of MDM2 and p53 by forming the SHP-MDM2 complex in 
the nucleus, thus increasing the expression of MDM2 and 
p53 [31]. p14ARF is the upstream of MDM2 and p53. Origi-
nally, FXR overexpression caused an increase in MDM2 
and p53 by inhibiting degradation, which did not require 
p14ARF. In this case, si-p14ARF decreased the expression of 
MDM2 and p53, probably by regulating their transcription. 
However, the mechanism of transcription regulation has not 
been explored, and further research is needed.

The protein levels of p14ARF remained unchanged while 
the protein levels of p53 increased when MDM2 was 
knocked down in Lenti-FXR cells. MDM2 and p53 bind in 
the nucleus and migrate from the nucleus to the cytoplasm 

Fig. 4   Protein levels of MDM2 in cervical cancer cells with or without PFT-α treatment
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by forming the MDM2-p53 complex. p53 is ubiquitinated 
and degraded by ubiquitin ligase E3, which plays an impor-
tant role in inhibiting the activity of p53 [40, 41]. In the case 
of MDM2 knockdown, p53 cannot migrate to the nucleus 
because ubiquitination and degradation are reduced, so p53 
expression is increased.

The protein levels of both p14ARF and MDM2 were 
increased when p53 was knocked down. p53 induces nega-
tive feedback regulation of p14ARF. Knockdown of p53 pro-
motes the transcription, translation and protein synthesis of 
p14ARF (Fig. 5). Increased p14ARF leads to the stabilization 
of MDM2 because p14ARF directly binds to MDM2 [42].

PFT-α is a p53 inhibitor that blocks p53-dependent tran-
scriptional activity [43]. In Lenti-vector cells, the protein 
levels of MDM2 in the PFT-α groups were increased, prob-
ably because the reduced p53 level decreased the formation 
of the MDM2-p53 complex and the ubiquitination and deg-
radation of MDM2 [44]. However, MDM2 was not degraded 
because of the formation of the SHP-MDM2 complex in 
Lenti-FXR cells [31]. Therefore, there was no significant 
difference in MDM2 protein levels between the PFT-α 
groups and DMSO groups. In a previous study, Nutlin-3a 
was used as an inhibitor of MDM2 and E3 ubiquitin ligases 
[45]. The results showed that MDM2 and p53 protein lev-
els were increased in Lenti-Vector cells upon the addition 
of Nutlin-3a because Nutlin-3a suppressed MDM2 binding 
to p53, thus inhibiting the translocation and ubiquitination 
of MDM2 and p53, which subsequently increased MDM2 
and p53 levels. The expression levels of MDM2 and p53 
remained unchanged in Lenti-FXR cells following treatment 
with Nutlin-3a because overexpression of FXR induced 
SHP-MDM2 complex formation, thereby reducing MDM2 
and p53 binding as well as ubiquitination such that Nutlin-
3a’s effects were undetectable [31].

Conclusion

FXR is significantly decreased in cervical cancer tissues and 
inhibits the proliferation of cervical cancer cells by induc-
ing apoptosis. In addition, we also demonstrated that FXR 

increased the contents of p14ARF, MDM2 and p53 by activat-
ing the p14ARF-MDM2-p53 pathway. These findings suggest 
that FXR agonists represent a potential effective product for 
the prevention and treatment of cervical cancer.
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