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FXR1 promotes proliferation, invasion and migration
of hepatocellular carcinoma in vitro and in vivo
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Abstract. Hepatocellular carcinoma (HCC) is a common
malignancy that is associated with a poor prognosis. The exten-
sively studied TGF-f3 pathway is mediated by SMAD proteins.
FXR1, a protein-coding gene belonging to the fragile X-related
(FXR) family, is involved in the TGF-p pathway. Previous
studies have shown that FXR1 promotes the proliferation, inva-
sion, and migration of colorectal cancer cells. The aim of the
present study was to explore the effects of FXR1 on HCC via
the TGF-B/SMAD signaling pathway. Immunohistochemical
analysis was used to detect the expression of FXR1 in HCC
and normal tissues. Western blotting was used to detect
protein expression levels in the HCC cell lines, cell migration
and invasion were assessed using Transwell assays, and cell
proliferation was assessed using a colony formation assay. The
ability of the liver cancer cells to grow in vivo was investi-
gated using a nude mouse tumor-bearing model. The results
showed that FXR1 expression was upregulated in HCC tissues
compared with normal tissues. Knockdown of FXRI1 resulted
in reduced expression of SMAD2/3 and EMT-related proteins
in HCC cells. In addition, FXR1 knockdown inhibited the
proliferation, migration, and invasion of HCC cells. FXR1
knockdown also reversed the promoting effect of TGF-ff on
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the invasive ability of HCC cells. Knockdown of SMAD2/3
reversed the increase in HCC cell invasion induced by FXR1
overexpression. Finally, upregulated FXR1 expression was
associated with a poorer prognosis in patients with HCC. In
conclusion, FXR1 promoted HCC proliferation, migration,
and invasion through the regulation of SMAD2/3.

Introduction

Liver cancer is the third leading cause of cancer-related death
and the sixth most commonly diagnosed cancer worldwide (1).
Hepatocellular carcinoma (HCC) is the most common type of
liver cancer. Viral hepatitis infection is a major risk factor for
hepatocellular carcinoma in China (2,3). Despite advances in
surgical techniques, procedural interventions, and the develop-
ment of targeted drugs, the prognosis of HCC remains poor (4).
Therefore, unraveling the pathogenesis of HCC and identifying
novel and effective therapeutic targets have become the focus
of current research (5-9).

FXR1 belongs to the fragile X-related (FXR) family (10,11);
previous studies have shown that FXR1 can promote the
proliferation, invasion, and migration of colorectal cancer
cells (12). Moreover, FXR1 has been reported to play a role in
the development of oral cancer and gliomas (13,14). However,
the role and mechanism of FXR1 in HCC have not been
elucidated.

In the early stages of tumor development, TGF-f3 inhibits
tumor cell proliferation by inhibiting c-Myc, cyclin, and
cyclin-dependent kinase activity, preventing the transition
from the GI to S phase. In the later stages of tumor develop-
ment, TGF-f promotes tumor progression (15-17). The classical
TGF-f pathway is mediated by SMAD proteins, which bind
to type I and IT TGF-f receptor complexes (TGFBR1 and
TGFBR2), resulting in TGFBR phosphorylation and activa-
tion (11). TGFBR can further induce the phosphorylation of
SMAD?2/3, and the activated SMAD2/3 can further bind to
SMADA4. Subsequently, the SMAD complex is transferred to
the nucleus to exert its effects (18,19). One of the most critical
processes that enable tumor cells to infiltrate and metastasize
is epithelial-mesenchymal transition (EMT) (17,20). EMT
causes epithelial cells to lose their epithelial phenotypes. It also
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enhances tumor cell migration and invasion, anti-apoptotic
processes, and extracellular matrix degradation (21,22).

In this study, we demonstrated that FXR1 knockdown
led to a reduction in HCC cell migration and invasion, and it
inhibited the stimulation of HCC cell migration and invasion
via modulation of TGF-f. FXR1 overexpression in HCC cells
promoted cell invasion, which was abrogated by inhibiting
SMAD?2/3.

Materials and methods

Cell culture. LM3 (cat. no. CL-0278), Huh7 (CL-0120),
MHCC-97H (CL-0497) and Hep3B (cat. no. CL-0102) cells
were purchased from Procell Life Science & Technology Co.,
Ltd. Cells were cultured in DMEM high glucose supplemented
with 10% FBS, 100 mg/ml penicillin G, and 50 mg/ml strepto-
mycin in a humidified incubator at 37°C supplied with 5% CO,.
MHCC-97H (CL-0497) cells were used for western blotting.

Reagents and antibodies. TGF-p was purchased from
PeproTech, Inc. FXR1 (cat. no. 67813-1-Ig, 1:10,00 or 1:100),
Ki67 (27309-1-AP; 1:100) and p-actin (cat. no. 66009-1-Ig,
1:10,00) antibodies were purchased from ProteinTech Group,
Inc. The FXRI antibody was diluted 1:1,000 in the western
blotting assay and 1:100 in immunohistochemistry assays.
SMAD?2/3 (cat. no. # 8685S, 1:1,000), N-Cadherin (cat. no. #
4061, 1:1,000), and slug (cat. no. 95858, 1:1,000) antibodies
were purchased from Cell Signaling Technology, Inc. The
secondary antibodies used were HRP-conjugated Affinipure
Goat Anti-Rabbit (1:2,000 or 1:50; cat. no. SAO0001-2) and
HRP-conjugated Affinipure Goat Anti-Mouse (1:2,000;
cat. no. SA00001-1) (both from ProteinTech Group, Inc.).
HRP-conjugated Affinipure Goat Anti-Rabbit was diluted
1:2,000 in the western blotting assay and 1:50 in immunohis-
tochemistry assays. SMAD?2/3 siRNA was purchased from
Santa Cruz Biotechnology, Inc. (cat. no. sc-37238). shRNA
was purchased from Public Protein/Plasmid Library. The
sequences of the FXR1 knockdown shRNAs were: shEXR1#1,
5'-GCTAGAGGTTTCTTGGAATTT-3"; shFXR1#2, 5'-CGC
CAGGTTCCATTTAATGAA-3'; and negative control (shNC),
5-GTTCTCCGAACGTGTCACGTT-3". The FXRI expres-
sion plasmid with a 3'FLAG tag was purchased from Public
Protein/Plasmid Library.

Reverse transcription-quantitative PCR. TR1zol® reagent was
used to extract total RNA from tissues or cells, and 1 ug RNA
was reverse transcribed to cDNA using a Vazyme reverse
transcription kit according to the manufacturer's protocol
(Vazyme Biotech Co., Ltd.; cat. no. R323-01). Amplification
was performed using amplification reagent according to
the manufacturer's protocol (Vazyme Biotech Co., Ltd.;
cat. no. Q711-02). The thermocycling conditions for amplifica-
tion were as follows: 95°C for 5 min, followed by 40 cycles
at 95°C for 10 sec, 60°C for 30 sec, and a final step at 95°C
for 15 sec, 60°C for 60 sec and 95°C for 15 sec. 3-actin was
used as the housekeeping gene. The sequences of the primers
used for amplification were: B-actin forward, 5'-CATGTA
CGTTGCTATCCAGGC-3' and reverse 5'-CTCCTTAATGTC
ACGCACGAT-3"; SMAD2 forward, 5'-GATCCTAACAGA
ACTTCCGCC-3"and reverse, 5S'-CACTTGTTTCTCCATCTT

CACTG-3'; and SMAD3 forward, 5“TCCATCCCCGAAAAC
ACTAAC-3" and reverse, 5'-CATCTTCACTCAGGTAGC
CAG-3' (23). The relative expression level of the target genes
was calculated using the 224 method (23).

Transfection. For transient transfection of plasmids, LM3 cells
were transfected using Lipofectamine® 3000 (Thermo Fisher
Scientific, Inc.). For transfection of shRNAs (final concentra-
tion, 30 M), proliferating cells in a 6-well plate were incubated
in serum-free DMEM containing Lipofectamine® 3000. After
4-6 h, the cells were incubated in supplemented DMEM for
48 h, and then treated with the newly configured puromycin
(2 pg/ml) screening medium every day until no cell death was
observed. The maintenance medium contained puromycin
(2 pg/ml). To transfect siRNAs (final concentration, 20 xM),
proliferating cells in a 6-well plate were incubated with
serum-free DMEM supplemented with Lipofectamine® 3000.
After 4-6 h, the cells were incubated in complete DMEM
for 48 h and then selected with puromycin (2 xg/ml) until
no cellular death was observed. The maintenance medium
contained puromycin (2 yg/ml).

Western blotting. Total protein was extracted using RIPA
lysis buffer supplemented with a mixture of PMSF, apro-
tinin, and phosphatase inhibitors. LM3 (cat. no. CL-0278),
Huh7 (CL-0120), MHCC-97H (CL-0497) and Hep3B
(cat. no. CL-0102) cells were used for western blotting. The
protein concentration was measured using a Bicinchoninic
protein assay (Thermo Fisher Scientific, Inc.). Proteins (30 ug
per lane) were separated using SDS-PAGE on a 10% SDS
gel, transferred to PVDF membranes, and incubated with the
primary antibody, followed by incubation with the appropriate
horseradish peroxidase (HRP)-conjugated secondary anti-
body at room temperature for 1 h. BeyoECL Plus (Beyotime
Institute of Biotechnology) was used for signal visualization,
and images were obtained using a Fushon Fx (Vilber Lourmat)
imaging system.

Apoptosis evaluation using flow cytometry. A Beyotime
Institute of Biotechnology apoptosis kit was used for testing
(cat. no. C1069L). The cells were washed with PBS once and
detached using pancreatic enzyme cell digestion solution, at
room temperature until gentle aspiration with a pipette was
sufficient to lift cells (ensuring over-digestion was avoided),
after which the pancreatic enzyme cell digestion solution
was removed. The cells were collected, mixed gently, and
centrifuged at 1,000 x g at 4°C for 5 min, after which the cells
were collected and gently resuspend in PBS for counting. A
total of 50-100 pl of the resuspended cell solution was taken,
centrifuged at 1,000 x g at 4°C for 5 min, the supernatant
was discarded, 195 ul annexin V-mCherry Binding Buffer
was added, and cells were gently resuspended. A total of 5 ul
annexin V-mCherry was added and mixed gently, incubated
at room temperature (20-25°C) for 10-20 min, avoiding
light, followed by incubation in an ice bath. Aluminum foil
was used to protect against light. Cells were resuspended
2-3 times during incubation to ensure appropriate and equal
staining. Subsequently, cells were analyzed using flow
cytometry (BD FACSymphony™ A3; BD Biosciences) for
Annexin V-mCherry red fluorescence (Beyotime Institute of
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Biotechnology apoptosis kit; cat. no. C1069L). FlowJo™ 10
(BD Biosciences) was used for analysis.

Colony formation assay. After digestion of cells using cellular
pancreatic enzyme during the logarithmic growth phase, cells
were resuspended in supplemented media and counted. A total
of 400-1,000 cells/well (generally 700 cells/well) were seeded
in each experimental group in a 6-well culture plate and
cultured for 14 days, changing the media every 3 days. After
14 days, 1 ml crystal violet dye solution was added to each
well and incubated at room temperature for 10-20 min, after
which cells were washed several times, dried, and imaged
with a digital camera attached to a bright field microscope at a
magnification of x200. Colonies consisting of =50 cells were
counted.

Cell migration and invasion. Cell migration was determined
using a Transwell assay. Transfected Hep3B or LM3 cells
(5x10* per well) or cells treated with 20 ng/ml TGF-f were
resuspended in 500 yl serum-free medium containing 2 pg/ml
mitomycin C and added to the upper chamber to inhibit cell
proliferation, and 500 ul supplemented media was added to
the lower chamber. After incubation at 37°C for 48 h, the cells
on the upper surface of the filter membrane were removed
using a swab and the filter membrane was incubated in 100%
methanol at room temperature for 2 min. The cells that had
migrated to the underside of the filter were stained with 0.5%
crystal violet at room temperature for 20 min, and images
were obtained using a bright field microscope. The number
of cells that had migrated was counted using Image Pro Plus
6.0 (Media Cybernetics, Inc.). Cell invasion was determined
using the same method as that for cell migration except cells
were seeded in a Transwell chamber covered with Matrigel
(BD Biosciences).

Mouse xenograft model. A total of 20 BALB/c nude mice
were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. Mice were maintained with a 12-h
light/dark cycle under specific pathogen-free conditions. All
animal experiments were approved by the Ethics Committee
of the First Affiliated Hospital of Zhengzhou University
(approval no. 2019-KY-21) and in accordance with the guide-
lines of the Office of Laboratory Animal Welfare. Mice were
monitored daily and euthanized according to NIH-approved
criteria for institutional humane endpoints if they failed to
demonstrate a corrective response. For tumor growth experi-
ments, stably transfected LM3 cells (1x10°) were injected into
mice by subcutaneous injection in the abdomen. The volume
of the tumor was measured once every 2 days as follows:
Volume=0.5x length x width x height; the total volume of each
tumor did not exceed 4,400 mm?>. When the tumor size reached
12-20 mm the mice were euthanized via cervical dislocation;
death was confirmed by lack of breathing and heartbeat.

Patients. The study included 88 patients with HCC (74 male
and 14 female patients) treated at the First Affiliated Hospital
of Zhengzhou University. HCC (2-3 cm) and normal tissue
samples were obtained after surgery between January 2020
and December 2021. Patients were aged 30-76 years (median
age, 56 years). Complete clinical information was available for
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included patients, and none of the patients had other malignan-
cies or a history of chemotherapy or radiation therapy.

Immunohistochemical analysis. A total of 88 pairs of HCC
and normal tissues (74 males and 14 female patients) were
obtained from the First Affiliated Hospital of Zhengzhou
University (Zhengzhou, China). The tumors of nude mice were
tested for Ki67 after removal.

For immunohistochemistry, tissue sections were mounted
on a glass slide, deparaffinized, and rehydrated. Samples were
soaked in 100% alcohol, 100% alcohol, 95% alcohol, 75%
alcohol and water for 5 min each for hydration. Heat-induced
antigen retrieval was subsequently performed using 10 nmol/l
citrate buffer (pH=6.0) for 10 min in a microwave oven (high
heat). The slides were incubated with FXR1 (cat. no. 67813-1-Ig;
1:100) or Ki67 (27309-1-AP; 1:100) antibody overnight at
4°C, followed by incubation with a HRP labeled secondary
antibody (cat. no. SA0O0001-2; 1:50) at room temperature for
15 min. The slides were further stained with DAB developer
and counterstained with 5% hematoxylin at room temperature
for 3 min. Positive cells were stained brown.

The expression levels were scored based on the percentage
of positive cells and the intensity of staining. The score was
calculated as follows: 0, <5% positively stained cells; 1, 5-25%
positively stained cells; 2, 25-50% positively stained cells; 3,
50-75% positively stained cells; and 4, >75% positively stained
cells. The intensity was scored as follows: 0, negative staining;
1, light yellow staining; 2, brownish yellow staining; and 3,
chocolate-brown staining. The final score was calculated by
multiplying the percentage score by the intensity score. A score
<8 was considered low, and a score =8, was considered high.

Bioinformatics analysis. The Oncomine online database
(http://www.oncomine.org) was used to analyze FXRI1 tran-
scripts in HCC from the Rossher liver and Rossher liver 2
datasets. UALCAN (http://ualcan.path.uab.edu) was used to
analyze the expression of FXR1 in HCC data from TCGA.
GEPIA (http://gepia.cancer-pku.cn/) was used to analyze the
correlations between i) FXR1 and SMAD2/3/4 mRNA levels
and ii) FXR1 expression in TCGA. The threshold for mRNA
levels was customized to allow for the stratification of subjects
with low or high FXR1 mRNA levels. TCGA raw data, such
as gene expression and clinicopathological data, were included
in the UALCAN and cBioPortal analyses (http:/www.
cbioportal.org). Gene Set Enrichment Analysis (GSEA) was
performed to explore potential biological pathways based on
Kyoto Encyclopedia of Genes and Genomes (KEGG) gene
sets using R software (version 4.1.2; https://www.r-project.
org/). For KEGG enrichment analysis, the ‘clusterProfiler’ R
package was used to decode potential targets downstream of
FXRI, the gseKEGG function was used to explore the under-
lying biological significance. Based on gene count thresholds
generated from the median value of FXR1 expression (TPM
value=4.16), patients were classified into low and high groups.

Statistical analysis. SPSS software (version 22.0; IBM Corp.)
was used for statistical analyses. A one-way ANOVA followed
by a post hoc Bonferroni correction was used for the statistical
analysis of mRNA expression, cell migration, and invasion. A
Student's t-test was used to compare the differences between
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Figure 1. FXR1 is overexpressed in HCC. (A) Expression of FXR1 mRNA in HCC and normal tissues. (B) FXR1 proteomic expression in HCC and normal
tissues. (C) Expression of FXR1 protein in HCC tissues. (D) Immunohistochemical analysis of FXR1 expression in HCC and normal tissues. (E) Box plot of
FXRI1 expression in HCC and normal tissues. FXR1, fragile X-related 1; HCC, hepatocellular carcinoma.

two groups. A Pearson's correlation test was used to assess
correlations. Paired samples were tested using a paired t-test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

FXRI expression is upregulated in HCC. To investigate FXR1
expression in HCC, data from the HCC cohort in TCGA was
used; FXR1 was upregulated in HCC (Fig. 1A). Validation
of FXR1 expression was also performed using HCC and
normal tissues, and the results showed that FXR1 was highly
expressed in HCC at the protein level (Fig. 1B and C). Next,
FXRI1 expression was assessed in HCC and normal tissues
using immunohistochemical microarrays, and similar results
were observed; FXR1 expression was higher in HCC tissues
than in normal tissues (Fig. 1D and E).

FXRI is positively associated with SMAD2/3/ in HCC cells.
To explore potential targets downstream of FXR1, GSEA
was used to identify the latent biological pathways based on
KEGG gene sets; the top 10 corresponding genes are shown in
Fig. 2A. Bioinformatics analysis was used to assess the corre-
lation between FXR1 and genes from TCGA. The mRNA

expression levels of FXR1 were positively correlated with the
mRNA expression levels of SMAD2/3 (Fig. 2B).

FXRI1 promotes slug/N-cadherin expression and
TGF-f3-induced HCC cell migration and invasion. We further
investigated the effects of FXR1 on the migratory and inva-
sive effects of HCC and the involvement of SMAD2/3. The
protein expression levels of FXRI in five different HCC cell
lines were examined, and the results showed that FXR1 was
relatively highly expressed in LM3 and Hep3B cells (Fig. 3A).
shRNAs were used to knock down FXRI1 expression in
LM3 and Hep3B cells, and knockdown was confirmed using
western blotting (Fig. 3B). Western blotting also showed a
decrease in the expression of N-cadherin and Slug in FXR1
knockdown cells (Fig. 3B). These results suggest that FXR1
affects the expression of EMT-related proteins. In addition,
the expression levels of SMAD2/3 decreased upon FXRI1
knockdown (Fig. 3B).

TGF-f3 promotes tumor migration and invasion through
EMT (24,25). The effect of FXR1 on the TGF-f-induced migra-
tion and invasion in HCC cells was thus next assessed. FXR1
knockdown cells transfected with the two different shRNAs
consistently inhibited the migration and invasion of LM3 and
Hep3B cells (Fig. 3C and D). Additionally, shRNA-induced
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Figure 2. Exploration of the underlying biological function and correlation analysis between FXR1 and SMAD2/3. (A) GSEA showed the potentially associ-
ated biological pathways based on KEGG gene sets (left), and the top 10 corresponding genes (right). (B) Correlation scatter plot of FXR1 and SMAD2/3. Gene
expression levels are represented as log,[TPM]. FXR1, fragile X-related 1; HCC, hepatocellular carcinoma; TPM, transcripts per million.

FXRI1 knockdown inhibited the TGF-pB-induced increase
in HCC cell migration and invasion when compared
with cells treated with TGF-f and transfected with shNC
(Fig. 3C and D).

Knockdown of FXRI inhibits the proliferation of HCC cells
and promotes early apoptosis of HCC cells. To validate the
effect of FXR1 on apoptosis in HCC cells, two different
shRNAs were used to knockdown FXRI1 in Hep3B and
LM3 cells, and apoptosis was assessed using flow cytometry.
The results showed that FXR1 knockdown enhanced early
apoptosis in HCC cells (Fig. 4A and B). Additionally, the
knockdown of FXR1 inhibited the proliferation of HCC cells
in the colony formation assay. These results were validated
in both Hep3B and LM3 cells (Fig. 4C and D). These results
suggest that knockdown of FXR1 inhibited the proliferation of
HCC cells and promoted early apoptosis of HCC cells.

Knockdown of SMAD2/3 inhibits the FXRI-induced increase
in LM3 cell invasion. FXR1 overexpressing LM3 cell lines with
or without SMAD2/3 knockdown were established. RT-qPCR
was used to verify the knockdown efficiency of siSMAD2/3
(Fig. S1). The results showed that FXR1 overexpression
enhanced LM3 cell invasion. Knockdown of SMAD?2/3 inhib-
ited the FXR1 overexpression-induced increase in the invasion
of LM3 cells (Fig. 5B). The transfection efficiency of FXR1
and SMAD?2/3 was verified using western blotting (Fig. 5A).
The results of this experiment validated the role of SMAD2/3
in the FXR1-induced increase in HCC invasion.

FXR1 knockdown inhibits the growth of LM3 cells in vivo.
To verify the role of FXRI1 in vivo, mice were injected with
shNC-transfected LM3 cells or shFXRI-transfected LM3
cells. By measuring the volume of the tumors every 2 days, the
results showed that tumors grew slower in FXR1 knockdown
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X-related 1; HCC, hepatocellular carcinoma; sh, short hairpin; NC, negative control.
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Figure 4. Knockdown of FXRI1 inhibits the proliferation of HCC cells and promotes early apoptosis of HCC cells. (A) Hep3B and LM3 cells were trans-
fected with shNC, shFXR1#1 or shFXR1#2, followed by flow cytometry analysis. (B) Flow cytometry analysis of apoptosis. (C) Hep3B and LM3 cells were
transfected with shNC, shFXR1#1 or shFXR1#2, followed by colony formation assays and imaging with a digital camera attached to a bright field microscope
at a magnification of x200. (D) Hep3B and LM3 cells were transfected with shNC, shFXR1#1, or shFXR1#2, followed by CCK-8 assays. ‘P<0.05. FXR1,

fragile X-related 1; NC, negative control; WT, wild-type.

cells (Fig. 6A and B). The average diameter of the NC tumors
was 14.5 mm (range, 12.66-16.84 mm) and the mean diameter
of the shFXRI tumors was 11.9 mm (range, 9.15-14.70 mm);
the difference was statistically significant. The expression of
Ki67 in the tumors was assessed using immunohistochemistry,
which showed a significant decrease in Ki67 expression in the
tumors after FXR1 knockdown (Fig. 6C and D). These data
indicate that FXR1 knockdown inhibits HCC proliferation
in vivo.

Discussion

FXRI belongs to the FXR protein family. The results of the
present study indicated that FXR1 expression was upregulated
in HCC tissues. Knockdown of FXR1 inhibited the malignant
behavior of HCC cells. Specifically, FXR1 knockdown effec-
tively inhibited the migratory and invasive abilities of HCC
cells. FXR1 knockdown also inhibited the proliferation of
HCC cells. Furthermore, FXR1 knockdown increased early
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Figure 5. Effects of FXR1 overexpression and SMAD2 knockdown on LM3 invasion. (A) FXR1 and SMAD2/3 expression after transfection was verified by
western blotting. (B) LM3 cells were transfected with empty vector or FLAG-tagged FXR1 expression plasmid, and siControl or siSAMD?2/3, followed by
cell invasion assays and imaging with a digital camera attached to a bright field microscope at a magnification of x200. "P<0.05. FXRI1, fragile X-related 1;

si, small interfering.

apoptosis of HCC cells. Using bioinformatic analysis, it was
shown that patients with high FXR1 expression had a worse
prognosis. These results suggested that FXR1 functions as an
oncogene in HCC. This finding is consistent with the role of
FXRI in other tumors. In prostate cancer, FXR1 downregu-
lation is associated with the inhibition of cell proliferation,
decreased cell viability, and impaired migration and invasion
of prostate cancer cells (26). FXR1 is highly expressed in
gliomas, and the knockdown of FXRI1 leads to the inhibition
of the malignant biological behaviors of glioma cells (9). In
colorectal cancer, FXRI acts as an oncogene that increases
the proliferation, migration, and invasion of cancer cells (12).
Bioinformatics is an important tool that is increasingly
being used as an initial approach to identify relevant target
proteins (27-29). Bioinformatics analysis was used in the present
study to screen SMAD?2/3 as a target of the downstream action
of FXR1. TGF-3-SMAD signaling promotes the development
of EMT and the metastasis of HCC (30,31). The best-known
SMAD?3 targets are EMT-related genes such as slug (32). EMT
is closely associated with cancer metastasis (33-35), and can
be induced by environmental stresses (such as inflammation,
reactive oxygen species, hypoxia, hypoxia/reoxygenation), and
certain extracellular mediators (including TGF-f, fibroblast

growth factor-2, and epidermal growth factor) (36). The
EMT-related proteins slug and N-cadherin, play a significant
role in invasive metastasis. In the present study, western
blotting was used to preliminarily validate the expression of
proteins downstream of FXR1. The results showed that the
knockdown of FXR1 inhibited the expression of SMAD2/3,
whereas knockdown of SMAD2/3 suppressed the expression
of EMT-related proteins.

TGF-f was selected for analysis in this preliminary study
as it is a well-established pathway; additional pathways will
be investigated in future research. The Smad pathway is
known to be a major transducer of TGF-f signaling and
is important in TGF-B-induced EMT (37). TGF-p3 plays a
complex double-edged role in tumors. Early in tumorigenesis,
TGF-p acts as a tumor suppressor through broad multicel-
lular inhibition; however, after tumor formation, it acts as
a pro-proliferative agent (38,39). In HCC, TGF-f plays a
key role in coordinating and regulating the corresponding
phenotype in HCC (40). GSEA showed the latent biological
pathways based on KEGG gene sets. The TGF-f3 pathway was
thus chosen as the primary research target in this study. TGF-3
signaling in hepatocytes is associated with liver fibrosis and
carcinogenesis (41). SMAD2/3 is a key molecule in the TGF-f3
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Figure 6. FXR1 knockdown inhibits the growth of LM3 cells in vivo. (A and B) Nude mice were injected with shNC or shFXR I-transfected LM3 cells. Tumor
volume growth was slower after the knockdown of FXR1 than in the control mice. (C and D) Ki67 expression in the tumors was assessed using immunohisto-
chemistry. "P<0.05, ““P<0.001 vs. LM3-NC group. FXR1, fragile X-related 1; sh, short hairpin; NC, negative control.

pathway. As a transcription factor, SMAD?2/3 can positively
or negatively regulate the expression of several genes (42,43).
The promotion of HCC cell migration and invasion by TGF-3
was confirmed in this study. FXR1 knockdown eliminated
TGF-pB-induced migration and invasion of HCC cells.
Conversely, the promotion of HCC cell invasion by FXR1
overexpression could be inhibited by SMAD2/3 knockdown.
These data suggest that SMAD2/3 is at least partially involved
in the FXR1-mediated increase in HCC cell invasion. However,
the specific regulatory mechanism by which FXR1 modulates
SMAD2/3 mRNA expression is unknown.

A nude mouse xenograft model was used to explore the
effects of FXRI1 in vivo. Tumor Ki-67 protein expression is
associated with a poor prognosis (44,45). The results of the
present study showed that FXR1 knockdown inhibited tumor
growth in nude mice. Moreover, immunohistochemistry
analysis showed a significant decrease in Ki67 expression in
tumors following FXR1 knockdown. This finding suggests

that FXR1 influences HCC cell proliferation in vivo. In addi-
tion to classical SMAD signaling, TGF-f3 can also trigger
non-classical kinase cascades, leading to the activation of
other signaling pathways, such as PI3K, MAPK, and mTOR,
which play an important role in tumorigenesis (46-48). Other
mechanisms by which FXR1 promotes malignant behaviors
in HCC need to be further explored. Further studies are
required to verify whether FXR1 is a potential target for
HCC therapy.

Since the present study did not directly confirm the rela-
tionship between FXR1 and the SMAD pathway, instead only
showing an indirect relationship, further studies are required
to assess this.

In conclusion, the present study is the first to show that
aberrant FXR1 expression in HCC may promote the malignant
biological behavior of HCC cells. Upregulated FXR1 expres-
sion is indicative of a poorer prognosis in HCC. In addition,
SMAD?2/3 was at least partially involved in the FXR 1-mediated
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increase in HCC cell invasion. Thus, FXR1 may serve as a
novel therapeutic target for the management of HCC.
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