
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t    t p : / / c r e  a   t i 
v e  c  o  m  m  o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 /     .   

Khan et al. Biology Direct          (2024) 19:104 
https://doi.org/10.1186/s13062-024-00553-3

Biology Direct

*Correspondence:
Na Fang
fangna@henu.edu.cn
Jingcheng Dong
jcdong2004@126.com
Shaoping Ji
shaopingji@henu.edu.cn
1Department of Integrative Medicine, Huashan Hospital, Fudan University, 
Middle Urumqi Road, Shanghai, China
2Institutes of Integrative Medicine, Fudan University, Shanghai, China

3Laboratory of Cell Signal Transduction, Department of Biochemistry and 
Molecular Biology, School of Basic Medical Sciences, Henan University, 
Kaifeng, Henan 475004, China
4Department of Basic Sciences Research, Shaukat Khanum Memorial 
Cancer Hospital and Research Centre (SKMCH&RC), Lahore, Pakistan
5Department of Zoology, College of Science, King Saud University, Riyadh, 
Saudi Arabia
6Department of Biochemistry, College of Science, King Saud University, 
Riyadh, Saudi Arabia
7Center for Molecular Medicine, Faculty of Basic Medical Subjects, Shu-
Qing Medical College of Zhengzhou, Zhengzhou, Henan, China

Abstract
Background The growing body of evidence suggests that RNA-binding proteins (RBPs) have an important function 
in cancer biology. This research characterizes the expression status of fragile X-related protein 1 (FXR1) in esophageal 
cancer (ESCA) cell lines and understands its mechanistic importance in ESCA tumor biology.

Methods The role of FXR1, PDZK1IP1, and ATOH8 in the malignant biological behaviors of ESCA cells was 
investigated using in-vitro and in-vivo experiments.

Results FXR1 was aberrantly overexpressed at both the transcript and protein levels in ESCA cells. Deficiency of FXR1 
in ESCA cells was associated with decreased cell proliferation, viability and compromised cell migration compared 
to the control group. In addition, the inhibition of FXR1 leads to the promotion of apoptosis and cell cycle arrest 
in ESCA cells. Furthermore, FXR1 knockdown stabilizes senescence markers, promoting cellular senescence and 
decreasing cancer growth. Mechanistically, FXR1 negatively regulated PDZK1IP1 or ATOH8 transcripts by promoting 
mRNA degradation via direct interaction with its 3′UTR. PDZK1IP1 or ATOH8 overexpression predominantly inhibited 
the tumor-promotive phenotype in FXR1-overexpressed cells. Furthermore, FXR1 inhibition and PDZK1IP1 or ATOH8 
overexpression in combination with FXR1-overexpressed cells significantly decreased xenograft tumor formation and 
enhanced nude mouse survival without causing apparent toxicity (P < 0.01). In the FXR1 knockdown group, the tumor 
weight of mice decreased by 80% compared to the control group (p < 0.01).

Conclusions Our results demonstrate FXR1’s oncogenic involvement in ESCA cell lines, suggesting that FXR1 may 
be implicated in ESCA development by regulating the stability of PDZK1IP1 and ATOH8 mRNAs. For the first time, our 
findings emphasize the importance of FXR1-PDZK1IP1 and -ATOH8 functional modules in the development of ESCA, 
which might have potential diagnostic or therapeutic implications.
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Background
Post-transcriptionally, RNA-binding proteins (RBPs) reg-
ulate the expression level of multiple target RNAs inter-
acting with particular binding sites within the coding 
region (36%) or 3′-untranslated region (64%). The accu-
mulating evidence suggests that RBP dysregulation plays 
a significant role in carcinogenesis. However, the role 
of fragile X-related protein 1 (FXR1) in cancers is just 
beginning to be revealed [1–4]. FXR1, located on chro-
mosome 3q26–27, is a member of the Fragile X-Related 
(FXR) family of RBPs [5]. Several cancer-related genes 
are up/downregulated by FXR1 by modulating post-
transcriptional and translational gene expression levels. 
FXR1 may control various transcripts processing due to 
the diversity of their RNA-binding domains and func-
tional flexibility. FXR1 plays a role in mRNA transport, 
translation, and degradation by binding AU-rich ele-
ments (AREs) on RNA and G-quartet (Gq) regions [6–8]. 
In addition to being able to bind to RNA, FXR1 can also 
bind to free ribosomes and polyribosomes [9]. FXR1 is 
primarily found in the cytoplasm [10], but similar to sev-
eral other RBPs, it can shuttle between the cytoplasm and 
the nucleus [11].

PDZK1-interacting protein 1 (PDZK1IP1), also known 
as MAP17, DD96, and SPAP, is a non-glycosylated mem-
brane protein identified in the Golgi apparatus and 
plasma membranes [12, 13]. High levels of expression 
were detected in many types of human carcinomas [14, 
15]. In particular, upregulation of PDZK1IP1 suppressed 
tumor necrosis factor-induced G1 arrest by downregulat-
ing p21 induction [14]. In addition, PDZK1IP1 reduces 
c-Myc-mediated caspase3-like activity in Rat1 fibroblasts 
in low serum, allowing them to keep the phosphatidylino-
sitol 3-kinase/Akt signaling pathway active [16]. PDZ-
K1IP1 overexpression in a colon cancer cell line inhibited 
cell growth in-vivo and in-vitro  [12], and laryngeal car-
cinoma patients who have high PDZK1IP1 expression 
had longer laryngoesophageal dysfunction–free survival 
following treatment [17]. The decrease in expression of 
PDZK1IP1 has also been linked to tumorigenicity in lung 
adenocarcinoma [18]. In a xenograft nude mice model, 
NCI-H290 cells which showed enhanced cell prolifera-
tion in the presence of TGF- signaling, increased PDZ-
K1IP1 expression suppresses tumorigenicity caused by 
TGF-β, While PDZK1IP1- deficiency resulted in sub-
stantially higher migratory efficiency compared to the 
control cell lines [19]. Moreover, PDZK1IP1 knockdown 
increased oral squama cell carcinoma (OSCC) migration 
and metastasis in-vitro and in-vivo. It was also shown 
that OSCC patients with high PDZK1IP1 expression in 
tumor tissues had a higher recurrence-free survival rate 
[20]. These results suggest that PDZK1IP1 may have a 
positive or negative role in tumorigenicity depending on 
the specific tumor being studied.

Atonal homolog 8 (ATOH8) is a novel transcrip-
tion factor that belongs to the Net family in the atonal 
superfamily of the basic helix-loop-helix (bHLH) tran-
scription factors [21]. ATOH8 regulates several develop-
mental processes, including the nervous system, renal, 
pancreas, and muscular growth and development [22, 
23]. bHLH transcription factors such as cMYC, Twist, 
and HIF-1 have been associated with tumor develop-
ment and progression [24]; however, the role of ATOH8 
in tumor growth remains unknown. Recent research has 
shown that ATOH8 deficiency promotes the stemness 
of hepatocellular cancer [25]. Another study found that 
ATOH8 downregulation led to the malignant phenotype 
of nasopharyngeal cancer [26], indicating that ATOH8 
has a tumor-suppressive impact. In liver cancer cell 
lines, lower ATOH8 expression was related to increased 
CD133 positivity, while overexpressed ATOH8 inhibited 
cell growth, invasion, and migration. Most critically, by 
attaching to their E-Box sequences, ATOH8 depletion 
may reduce the activity of Oct4 and Nanog pluripo-
tency regulators [26, 27]. They discovered that ATOH8 
suppression directly released AFP, CD133, OCT4, and 
NANOG to reprogram non-cancer stem cells into can-
cer stem cells [27]. According to The Cancer Genome 
Atlas (TCGA), malignant tissues had significantly lower 
ATOH8 expression than matching peritumoral tissues in 
several malignancies, suggesting a role in carcinogenesis 
[27]. However, the precise function of ATOH8 in tumor 
metastasis and the underlying molecular mechanism are 
not well characterized.

Most importantly, the FXR1 expression level is signifi-
cantly elevated in various malignancies. Its expression 
corresponds with poor outcomes among those affected 
with lung squamous cell carcinoma (LSCC), non-small 
cell lung cancer, ovarian cancer, breast cancer (BC), and 
head and neck squamous cell carcinoma (HNSCC) [28, 
29]. Recent research has shown that the FXR1 expression 
level has elevated in colorectal cancer tissues and cells, 
facilitating cell proliferation, migration, and invasion 
[30]. Moreover, FXR1 is extensively expressed in OSCC 
tissues and cells, and it prevents cell senescence by bind-
ing to and enhancing the stability of non-coding RNA 
TERC [28]. In line with this, it was also shown that the 
overexpression of FXR1, CLAPM1, and EIF4G on ampli-
con 3q26-27 in LSCC was associated with the repressed 
immune response pathway [31]. Furthermore, HNSCC 
was revealed to be suppressed by FBXO4-mediated 
degradation of FXR1 [32]. Nonetheless, the function of 
FXR1-mediated regulation of gene expression in esoph-
agus cancer (ESCA) and the underlying mechanism is 
poorly understood.

The present study demonstrates that FXR1 is con-
siderably overexpressed in ESCA cell lines, suggest-
ing that FXR1 may be implicated in ESCA development 
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by regulating the stability of PDZK1IP1 and ATOH8 
mRNAs. Down-regulation of FXR1 significantly reduces 
the cell viability, proliferation and migration and pro-
motes apoptosis, cell cycle arrest, and cellular senescence, 
hence preventing the progression of ESCA both in-vitro 
and in-vivo. Overexpression of PDZK1IP1 and ATOH8 
reversed FXR1-induced effects on ESCA cell migration 
and proliferation. For the first time, our study highlights 
the importance of FXR1-PDZK1IP1 and -ATOH8 signal-
ing in this disease, which might have potential diagnostic 
or therapeutic implications.

Materials and methods
Cell culture
The OE33 (FH1118-98), EC9706 (FH1118-112), EC109, 
and K450 human ESCA cell lines were obtained from 
Fenghbio Bio-sciences (Changsha, Hunan, China). The 
cells were cultured in RPMI1640 and DMEM medium 
supplemented with 10% fetal bovine serum, 100  µg/mL 
streptomycin, and 100 U/mL penicillin and were main-
tained at 37 °C in a humidified environment of 5% CO2 
and 95% air.

Plasmid construction
Overexpression and knockdown of FXR1 were performed 
using plasmids packaged into lentivirus provided by 
(OBiO Technology (Shanghai) Corp., Ltd.). Negative con-
trols in our experiments comprised cells transfected with 
a scrambled siRNA sequence provided by the company. 
Cells were infected with lentiviruses for overexpression 
and knockdown at a multiplicity of infection (MOI) of 0.5 
and then screened with 3 µg/ml puromycin. The coding 
sequence (CDS) of human PDZK1IP1 (NM_005764.4) 
was cloned into the pcDNA3.1 (+) vector (Invitrogen) 
to generate the PDZK1IP1 overexpression construct. 
To generate a construct overexpressing ATOH8, the 
CDS of human ATOH8 (NM_032827.7) was cloned into 
the pcDNA3.1 (+) vector. We used the lipofectamine 8 
Transfection Reagent (Shanghai Yuanye Bio-Technology 
Co., Ltd) to transfect the plasmid and the control vector 
into cells at 100 nmol/L concentration. The transfection 
efficacy was assessed by qRT-PCR or Western blotting.

Cell viability assay
Cell viability was detected using a Cell Counting Kit-8 
(CCK-8) (COOLBER Science & Technology) assay. Fol-
lowing transfection, cells were seeded in 96-well plate at 
a density of 1000 cells per well. After 24 h, 10 µl of CCK-8 
solution was added to each well, and the plates were 
incubated for 2 h at 37 °C. A microplate reader was used 
to measure the absorbance at 450 nm with the automatic 
microplate reader (Clarion Star Plus). OD with five rep-
etitions of each group was determined to check the cell 
viability.

Cell proliferation assay
The Light EdU Apollo 567 in Vitro Imaging Kit (Ribo-
Bio, Guangzhou, Guangdong, China) was used to analyze 
cell proliferation. Briefly, a 96-well plate was seeded with 
1.2 × 104 cells/well and incubated for 24 h. After remov-
ing the growth media, EdU A-containing pure growth 
medium was added and incubated for 2  h. Following a 
wash in PBS, cells were fixed with 4% paraformaldehyde 
(PFA). By adhering to the kit protocol, the Apollo pro-
cedure was performed in dark conditions. After being 
washed with PBS and methanol, cells were stained with 
Hoechst reagent at room temperature and in the dark. 
After the imaging step using a fluorescent microscope, 
the proliferation rate was determined using the following 
formula: Proliferation percentage = (EdU positive cells/
total cells) x 100.

Colony formation assay
To examine the effect of FXR1 differential expression 
on colony formation, cells were seeded in triplicates 
(2.4 × 103) on a 6-well plate and cultured for one week at 
37 °C in a 5% CO2 incubator. After one week, cells were 
thoroughly washed with PBS and fixed with methanol at 
room temperature. The cells were then stained with 0.2% 
crystal violet and allowed to incubate at room tempera-
ture. The colonies were then identified by scanning the 
plate.

Wound healing assay
The scratch wound-healing motility assay was applied to 
assess the migrating ability of FXR1 knockdown/overex-
pression-treated ESCA cell lines. The cells were scraped 
over a monolayer using a sterile pipette tip when they 
were 80–90% confluent on a 6-well plate. A light micro-
scope was used to monitor the migration rate at 0  h, 
24 h, and 48 h. The width was calculated using Image J 
software to measure the migration rate. The migration 
rate (MR) was calculated as MR (%) = [(A0 - A1)/A0] 
100, where A0 and A1 are the widths at 24 h and 48 h, 
respectively.

Migration assay
To measure the FXR1 knockdown/overexpression-
treated cell migration, we dropped 200 µl of medium and 
cell suspension in the upper chamber of a 24-well plate. 
As a chemoattractant, 20% fetal bovine serum (600 µl of 
medium) was placed in the bottom chamber. Following 
a 24-hour incubation period, cells were fixed with meth-
anol for 20  min before being stained for 40  min with a 
crystal violet dye solution. Subsequently, transwell migra-
tion images were obtained using a Zeiss Axioskop 2 plus 
microscope (Carl Zeiss, Thornwood, NY, USA).
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The apoptotic marker annexin V-APC/7AAD staining
Following the manufacturer’s instructions, cell apoptosis 
was determined using an Annexin V-APC/7AAD Apop-
tosis Detection Kit I (Lianke bio). Cells were seeded in 6 
wells plate and grown until the confluency reached > 90%. 
Following 48  h, the cells were trypsinized, washed with 
PBS, and resuspended in Annexin V binding buffer. 
V-APC and 7-AAD were added to each tube, mixed, 
and incubated for 5  min in the dark at room tempera-
ture. Samples were analyzed through a flow cytometry 
machine (Beckman colter), and data was obtained using 
MFLT32 software (TreeStar, Ashland, OR, USA).

Cell cycle analysis
Following the FXR1 knockdown/overexpression, flow 
cytometry was used to determine the percentage of cells 
in each phase of the cell cycle. In 6-well plate, cells were 
seeded until confluence reached > 90%. Cells were washed 
with PBS, digested with trypsin, and collected in tubes. 
Each tube was pre-mixed with the DNA staining solution 
(A) and the permeabilization solution (B) and incubated 
in the dark for 30  min at room temperature. Then, the 
cell cycle rate was evaluated using flow cytometry.

Western blot analysis
The cells were lysed in RIPA lysis buffer, includ-
ing the complete protease inhibitor cocktail (Abcam, 
ab271306). Protein concentration was determined using 
a BCA reagent (Thermo Scientific, Cat#23225). An equal 
amount of each protein sample was separated by electro-
phoresis in 10% sodium dodecyl sulfate-polyacrylamide 
gels and followed by transferring to a polyvinylidene fluo-
ride membrane on ice. Then, 5% fat-free milk powder in 
TBS with 0.1% Tween-20 (Sigma-Aldrich; Merck, Ger-
many) was used to block the PVDF membranes for 1 h. 
The protein blots were hybridized overnight at 4 °C with 
the appropriate primary antibodies. The internal control 
was chosen to be β-actin. After incubation with second-
ary antibodies, the protein bands were visualized using 
the enhanced chemiluminescence technique (ECL, Mil-
lipore, MA, USA). All antibodies used for this research 
are listed in Table S1.

RNA immunoprecipitation (RNA-IP) assay
Following the manufacturer’s instructions, the RNA-IP 
assay was carried out using the Magna RIP RNA-Binding 
Protein Immunoprecipitation Kit (MilliporeSigma, Bur-
lington, MA, USA). After whole-cell protein extraction 
from OE33 cells, the lysates were treated for 4 h at 4 °C 
with the corresponding antibodies coupled to Dynabeads 
Protein A/G. Following thorough washing, the immo-
bilized immunoprecipitated complexes were incubated 
with proteinase K for 30  min at 55  °C to break down 
the protein. The co-precipitated RNA was eluted and 

purified using Trizol Reagent before being tested by PCR. 
The primer sequences for the genes selected for RNA-IP 
are listed in Table S2.

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from cells using Trizol reagent 
(Life Technologies Corporation, Carlsbad, CA). RNA 
concentration was measured at 260/280 nm using 
a nanodrop Spectrophotometer (ND-100, Thermo, 
Waltham, MA). The qRT-PCR was utilized to identify 
FXR1, PDZK1IP1, ATOH8, and GAPDH using the One-
Step SYBR PrimeScript RT-PCR Kit from (Takara Bio, 
Inc., Japan).

RNA stability measurement
After transfected with sh-NC or sh-FXR1, 5 µg/ml Acti-
nomycin D (ActD; Cell Signaling, 10  µg/ml) was added 
to block FXR1 transcription. Total RNA was collected 
at indicated times (3  h, 6  h, 12  h), and PDZK1IP1 and 
ATOH8 expression were measured by qRT-PCR. The 
half-life of PDZK1IP1 and ATOH8 was determined as the 
time required to reach 50% of the RNA levels before add-
ing Actinomycin D.

Animal experiments
The animal study was approved by the Henan University 
School of Medicine’s Committee on Medical Ethics and 
Welfare for Experimental Animals (HUSOM-2019-168). 
Animal experiments were conducted similarly to those 
reported in [33], with minor modifications. The BALB/C 
nude mice (male, 4 weeks old) were supplied by Vital 
River Laboratory Animal Technology Co., Ltd. (Beijing, 
China). The right flanks of null mice were subcutaneously 
injected with OE33 and EC9706 (5 × 106 cells in 200  µl 
PBS. The mice were randomly assigned into four groups 
(n = 5 each). For 28 days, 10 mM FXR1-KD, FXR1-
KD + PDZK1IP1-OE, and FXR1-KD + ATOH8-OE were 
administered subcutaneously near the tumor. PBS was 
administered subcutaneously to the control animals. The 
tumor volumes and body weights were recorded daily. 
We used the following formula to determine the tumor 
volume: volume = length x width 2/2. The mice had a gen-
eral anesthetic at the end of the trial with 3% isoflurane, 
which was executed by dislocating the cervical region. 
To determine the rate at which tumor development was 
inhibited, we used the formula IR (%) = [(A B)/A] 100, 
where A and B are the mean tumor weights for the con-
trol and treatment groups, respectively.

Tumor tissue staining
Tissues were sectioned to a thickness of 5  mm and 
stained with hematoxylin and eosin (HE) after being pre-
served in paraffin-embedded in 10% neutral-buffered 
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formalin. The images were captured using a Zeiss Axios-
kop 2 plus microscope.

Immunohistochemistry (IHC)
The tumor microvessel density (MVD) was calculated 
using the Cluster of Differentiation 31 (CD31), an effec-
tive biomarker for vascular endothelial cells [34]. The 
CD31 antibody (CST) was used to stain tissues, and a 
Zeiss Axioskop 2 plus microscope was used to identify 
and quantify tumor vascular density. Additionally, an 
anti-Ki67 antibody (CST) was used to stain the tumor tis-
sues, and a Zeiss Axioskop 2 plus microscope was used 
to take pictures of the Ki67 antibodies and positive cells. 
To determine the proliferation index (PI), we divided the 
number of Ki67-positive cells by the total cell count [35]. 
Similarly, the apoptotic index (PI) was determined by 
staining tumor samples with an antibody against cleaved 
caspase-3. The percentage of cells that had been cleaved 
caspase-3 compared to the total number of cells was used 
to determine the cell death rate [36].

Statistics analysis
All experimental results were presented as the mean 
standard error of the mean (SEM). When comparing the 
two groups, we employed the two-tailed Student’s t-test 
to determine significant variation. Using the GraphPad 
Prism 7 (GraphPad, San Diego, CA) statistical analy-
sis program, a one-way analysis of variance and Tukey’s 
test were used to determine variation between the vari-
ous groups. P < 0.05 was considered to be statistically 
significant.

Results
FXR1 is upregulated in ESCA cell lines
Utilizing the Timer2 database  (   h t t p : / / t i m e r . c i s t r o m e . o r g 
/     ) , we found that FXR1 expression was higher in ESCA 
and several other cancer types compared to adjacent nor-
mal tissue samples from the TCGA dataset (Fig. 1A). To 
further investigate the role of FXR1 in ESCA oncogen-
esis, we conducted a high-resolution SNP-based copy 
number analysis on 185 ESCA patients from the TCGA 
datasets, identifying potential oncogenes at 3q26. Our 

Fig. 1 FXR1 mRNA and protein associated with the progression of ESCA. (A) FXR1 differential expression between tumor vs. adjacent normal tissues in 
different cancers. (B) Heatmap of chromosome 3q26.3 locus amplification in the dataset of 185 patients with ESCA from the TCGA dataset. (C) In 182 pa-
tients with ESCA, the Kaplan-Meier plot shows the FXR1 expression-based result of overall survival and recurrence-free survival. A log-rank test was used 
to determine the p-value. (D) FXR1 mRNA expression quantification analysis in ESCA cells by qRT-PCR. (E) FXR1 protein expression levels in normal human 
esophagus cells and ESCA cells. β-actin is used as a loading control
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analysis revealed that FXR1 is significantly amplified or 
shows elevated copy numbers in approximately 40% of 
ESCA patients (Fig. 1B). Although various mutations are 
present in FXR1, amplification was the most common 
mutation across all cancer types and was linked to poorer 
overall survival. Our data indicate that increases in FXR1 
mRNA and protein levels are associated with gene copy 
number amplification. Higher FXR1 mRNA expression 
correlates with poorer overall survival and recurrence-
free survival in ESCA patients, suggesting that high 
FXR1 expression is a marker of poor prognosis. Fur-
ther analysis using the UALCAN portal confirmed that 
FXR1 is frequently amplified in several other malignan-
cies, including lung, ESCA, ovarian, cervical, HNSCC, 
and uterine carcinomas. Notably, high-grade ESCA and 
advanced tumors exhibited significantly higher FXR1 
protein levels (Fig. S1A, B, C). Additionally, FXR1 overex-
pression was associated with a significant increase in dis-
ease-related mortality, with a hazard ratio of 2.2. These 
findings suggest that FXR1 overexpression plays a critical 
role in cancer progression (Fig. 1C).

We then compared FXR1 transcript and protein lev-
els in ESCA cell lines. Total RNA and protein were iso-
lated from Het-1 A, OE33, K510, EC109, K450, TE-1, and 
EC9706 cells, respectively. The mRNA levels of FXR1 in 
these cell lines were measured using qRT-PCR. FXR1 
transcripts were found to be considerably higher in all 
ESCA cells than in normal esophageal cells, as shown 
in Fig.  1D. The highest expression was observed in the 
OE33, K510, TE-1, and EC9706 cells, which were selected 
for FXR1 knockdown investigations. For FXR1 over-
expression studies, the EC109 and K450 cell lines were 
selected because of their lower FXR1 expression. Con-
sistently, the FXR1 protein detected by Western blotting 
exhibited identical results in malignant cells compared to 
normal counterparts (Fig. 1E). According to our findings, 
FXR1 was overexpressed in ESCA cells.

FXR1-silencing reduces ESCA cell proliferation and viability
Next, we administered shRNAs to inhibit FXR1 expres-
sion in OE33 cells precisely. The efficacy of the knock-
down was validated by Western blotting, as shown in 
Fig.  2A. The potential effect of FXR1 knockdown on 
cell proliferation and viability of ESCA cells was inves-
tigated using CCK-8, colony formation, and EdU assay. 
As depicted in Fig. 2B, C, the cell viability and prolifera-
tion of FXR1-deficient cells was substantially impaired 
compared to wild-type cells. Additionally, we stably 
over-expressed FXR1 in EC109 and K450 cell lines, 
both of which showed a low level of endogenous FXR1 
expression (Fig.  2A). Overexpression of FXR1 mark-
edly increases cell viability and growth as determined by 
CCK-8, colony formation, and the EdU assay (Fig. 2D, E, 
S2), thus encouraging cancer progression. The findings 

indicated that FXR1 knockdown significantly decreased 
cell viability and proliferation in OE33 cells.

FXR1-silencing reduces ESCA cell migration
We next determined whether FXR1 had any effect on the 
aggressive behavior of ESCA cells in terms of their ability 
to migrate and invade new tissues. Therefore, we evalu-
ated FXR1 expression using transwell and scratch assays. 
As shown in Fig. 3A and B, FXR1-deficient OE33 cells dis-
played markedly reduced migration. Additionally, a com-
parable result was observed when FXR1 was overexpressed 
in EC109 and K450 cells (Fig.  3C, S3). Our findings sug-
gested that in addition to cell proliferation, FXR1 played 
essential roles in the malignant behavior of ESCA cells.

FXR1-silencing induces apoptosis in ESCA cells
Evasion of cell death is one of the critical modifica-
tion that happen when a normal cell transforms into 
a malignant cell, and this transformation causes car-
cinogenesis. Therefore, a reduction in apoptosis or 
resistance to apoptosis plays a crucial role in cancer 
progression. Annexin V-APC/7-AAD staining was per-
formed to determine whether FXR1 drives ESCA cell 
apoptosis. Compared to the sh-NC control group, the 
FXR1 knockdown cells displayed considerably greater 
percentages of early and late apoptotic cells. According 
to the findings of the apoptosis detection experiment, 
FXR1 knockdown increased the rates of early and late 
apoptosis in ESCA cells (Fig.  4A). On the contrary, 
FXR1 overexpression prevents the apoptosis of EC109 
ESCA cells, further supporting the notion (Fig.  4B). 
The apoptosis-related signaling pathways were simi-
larly modified by FXR1 inhibition. Proapoptotic 
proteins, such as cleaved-PARP, cleaved-Caspase3, 
and Bax were upregulated in FXR1-deficient cells, 
whereas antiapoptotic Bcl-2 levels were downregu-
lated (Fig.  4C). Hence, our findings imply that FXR1 
may facilitate ESCA cells’ escape from the regular cell 
death process.

FXR1 knockdown triggers cell cycle arrest in ESCA cells
To study the mechanism of cell proliferation and 
migration, we employed flow cytometry to investi-
gate the number of cells in various cell cycle phases in 
FXR1 Knockdown/overexpression and control cells. 
The Knockdown of FXR1 in OE33 cells results in G0/
G1 cell cycle arrest (Fig.  4D), suggesting that FXR1 
regulates cell division in ESCA. As shown in Fig.  4E, 
our findings provided additional evidence that over-
expression of FXR1 suppresses the cell cycle arrest in 
the G0/G1 phase. Altogether, our results showed that 
FXR1 depletion caused cell cycle arrest in ESCA cells’ 
G0/G1 phase, supporting its involvement in cell divi-
sion regulation.
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Fig. 2 FXR1 knockdown inhibited the proliferation of ESCA cells. (A) ESCA cells were transduced with lentivirus that express two different shRNAs targets 
FXR1 (KD1 and KD2), control shRNA (NC), or orf (OE) along with empty vector (EV), and western blot was performed 72 h after transduction using anti-
bodies indicated. β-actin is used as a loading control. (B) ESCA cells were transduced using the FXR1 shRNAs, and cell viability was determined using the 
CCK-8 assay at indicated time points. Each experiment was performed for 5 days and in triplicates. (C) ESCA cells were transduced using the FXR1 shRNAs 
and subjected to a 6–8 days’ colony formation assay. The number of colonies was calculated. (D) ESCA cells were transduced using the FXR1 orf (OE), and 
cell viability was determined using the CCK-8 assay at indicated time points. Each experiment was performed for 5 days and in triplicates. (E) ESCA cells 
were transduced using the FXR1 orf (OE) and subjected to a 6–8 days colony formation assay. The number of colonies was calculated. Scale bar, 100 mm. 
Data are presented as the mean ± SEM (n = 3 in each group). *P < 0.05, **P < 0.01
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Fig. 3 FXR1 knockdown inhibited the migration of ESCA cells. (A) OE33 cells were transduced with shNC, and shRNAs target FXR1 (KD1 and KD2) fol-
lowed by Transwell assay for cell migration. The cells were then observed microscopically (magnification, x200). The relative images and accompanying 
statistical plots were presented. The experiments were performed in triplicate. (B) Cell migration was measured by scratch assay (original magnification × 
100). The number of migrated cells was calculated. (C) K450, EC109 cells were transduced with FXR1 orf (OE) followed by Transwell assay for cell migration. 
The cells were then observed microscopically (magnification, x200). The relative images and accompanying statistical plots were presented. The experi-
ments were performed in triplicate. Data are presented as the mean ± SEM (n = 3 in each group). *P < 0.05, **P < 0.01. Note: The difference in cell status and 
the time of spreading the plates resulted in inconsistencies in the number of cells in the control group at different times
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FXR1 knockdown promotes cellular senescence in ESCA 
cells
Cellular senescence is characterized by several fea-
tures, one of which is an arrest of the cell cycle. We 
assessed the expression of genes for senescence mark-
ers to ascertain if FXR1 regulates cellular senescence 

by altering post-transcriptional gene expression. As 
shown in Fig. 4F, the reduction of FXR1 increased p21, 
p27, p53, and PTEN mRNA levels in OE33 cells. Fol-
lowing FXR1 knockdown, protein levels of p53, PTEN, 
p21, and p27 increased in OE33 cells, validating our 
results (Fig. 4G). In addition, FXR1 knockdown OE33 

Fig. 4 FXR1 knockdown inhibited the growth of ESCA cells by promoting apoptosis. (A) Cells transduced with FXR1 shRNAs (KD1, KD2) or (B) FXR1 orf 
(OE) and then subjected to flow cytometric analysis to evaluate the effect of FXR1 knockdown or overexpression on the apoptosis of OE33 cells. (C) West-
ern blot analysis shows the expression pattern of apoptosis-related proteins in FXR1 knockdown cells. (D) Cell transduced with FXR1 shRNAs were then 
processed for cell cycle experiment and analyzed by flow cytometry. (E) Cell transduced with FXR1 overexpression (OE) were then processed for cell cycle 
experiment and analyzed by flow cytometry. (F) The relative quantity of the senescence protein-coding RNAs extracted from control and FXR1-depleted 
cells is estimated by using qRT-PCR. β-actin serves as a control. (G) Immunoblot analysis of senescence marker proteins in FXR1 depleted cells. β-actin is 
used as a loading control. The experiments were performed in triplicates. Data are presented as the mean ± SEM (n = 3 in each group). *P < 0.05, **P < 0.01
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cells had lower levels of pAkt (Ser-473) than control 
and total Akt, demonstrating that FXR1 may regulate 
cellular senescence via inhibiting the phosphatidylino-
sitol 3 kinase/Akt signaling pathway.

FXR1-silencing increases PDZK1IP1 and ATOH8 level
The next step was to find a putative downstream effec-
tor of FXR1. Based on RNA-IP results, we found that the 
mRNA of PDZK1IP1 and ATOH8 genes was enriched in 
the FXR1 immunoprecipitated RNA complexes (Fig. 5A). 
To comprehend better the underlying regulatory mecha-
nism, the stability of PDZK1IP1 and ATOH8 transcripts 
was examined in response to FXR1 knockdown or over-
expression. Knockdown of FXR1 stabilized PDZK1IP1 
and ATOH8 transcripts in OE33 cells. We found that 
PDZK1IP1 and ATOH8 mRNA levels were consider-
ably higher in FXR1-deficient cells than in scrambled 
controls (Fig.  5B), suggesting that these proteins may 
promote the FXR1 oncogenic role in ESCA. We further 
investigated the transcript level of these genes in FXR1 
overexpressed EC109 and K450 cells and discovered that 
PDZK1IP1 and ATOH8 transcription was significantly 
down-regulated upon FXR1 overexpression (Fig.  5C), 
indicating that FXR1 modulated PDZK1IP1 and ATOH8 
expression at the transcription level. In FXR1-deficient 
cells, PDZK1IP1 and ATOH8 mRNA levels increased 
by 60% and 30%, respectively. In contrast, their expres-
sion decreased by 56.5% and 48% when FXR1 was over-
expressed, compared to scrambled controls. Therefore, 
our findings showed that FXR1 inhibited PDZK1IP1 and 
ATOH8 expression by accelerating the FXR1 transcript 
decay mechanism.

FXR1 regulates PDZK1IP1 and ATOH8 expression through 
3′ UTR
The full-length PDZK1IP1 and ATOH8 mRNA are used 
for RBP binding site prediction using RBPsuite  (   h t  t p :  / / 
w w  w .  c s b i o . s j t u . e d u . c n / b i o i n f / R B P s u i t e /     ) . As shown in 
Fig. 5D, PDZK1IP1 and ATOH8 had two and three FXR1 
binding sites, respectively, that were independently iden-
tified in the CLIP-seq peaks and verified on segments 
with known binding sites. The conserved sequence motif 
of the FXR1 protein is shown in Fig.  5E. To give fur-
ther support evidence for anticipated binding sites, we 
employed RBPmap (http://rbpmap.technion.ac.il/) to 
corroborate the observed binding sites (Fig.  5F). These 
results complement our previous findings that FXR1 con-
trols PDZK1IP1 and ATOH8 expression post-transcrip-
tionally via interactions with particular binding sites.

PDZK1IP1 rescues the phenotype induced by FXR1
To elucidate the specific regulatory function of PDZ-
K1IP1 in mediating FXR1 oncogenic role in ESCA 
cells, we conducted experiments where PDZK1IP1 was 

overexpressed independently or in conjunction with 
FXR1-overexpressed EC109 cell lines and analyzed 
the corresponding phenotypes, including cell viability, 
proliferation, and migration. As depicted, FXR1-over-
expression stimulates cancer cell viability, PDZK1IP1 
overexpression- either alone or in FXR1-overexpressed 
cells mitigated these effects in EC109 cells (Fig. 6A). Sim-
ilarly, colony formation assay demonstrated a significant 
restoration of cell proliferation in PDZK1IP1-overex-
pressing cells, either alone or in combination with FXR1, 
compared to cells overexpressing FXR1 alone (Fig.  6B). 
Furthermore, malignant behaviors such as migration, 
which were considerably compromised in FXR1-over-
expressed cells, were completely revered by PDZK1IP1 
overexpression (Fig.  6C). The previous finding indicates 
that FXR1 deficient cells had lower levels of expression 
of EMT-related proteins as well as SMAD2/3. Consistent 
with this, PDZK1IP1 overexpression in EC109 cells led to 
decreased levels of mesenchymal markers such as SLUG, 
N-cadherin, vimentin, Snail-2, Zeb-1, and SMAD2/3, 
compared to control cells (Fig.  6D). These findings sug-
gest that FXR1 may regulate the expression of EMT-
related proteins through the PDZK1IP1 pathway.

Analysis of transcriptome sequencing data from 179 
ESCA samples obtained from the GEO database, com-
bined with multivariate Cox analysis, identified PDZ-
K1IP1 as an independent risk factor for overall survival, 
with higher expression associated with a better progno-
sis (p = 0.031). A violin plot showed significantly higher 
PDZK1IP1 expression in normal tissues compared to 
cancerous ones (p < 0.001) (Fig. S4A, B). Our analysis 
also revealed a negative correlation between the mRNA 
expression levels of FXR1 and PDZK1IP1, indicating 
that FXR1 acts as a negative regulator of PDZK1IP1 
gene expression (Fig. S4C). This interaction was further 
validated through STRING protein interaction network 
analysis and GeneMANIA, which confirmed strong con-
nectivity between PDZK1IP1 and FXR1 (Fig. S5A, B). 
These results suggest that overexpression of PDZK1IP1 
could be effective strategy for inhibiting FXR1-induced 
cancer metastasis in human.

ATOH8 rescues the proliferation abundance in FXR1
Decreased FXR1 expression results in elevated levels of 
several tumor-suppressive proteins, including ATOH8. 
To investigate whether ATOH8 acts as an essential reg-
ulator of FXR1, we assessed the impact of increasing 
ATOH8 levels on FXR1-induced cancer cell viability, 
proliferation, and migration. To demonstrate that FXR1 
effects were mediated via ATOH8, we restored ATOH8 
in FXR1-overexpressing cells using ATOH8 CDS lack-
ing the 3′UTR and discovered that ATOH8 restora-
tion mitigated the increase in cell viability and colony 
formation induced by FXR1-overexpression (Fig.  7A, 

http://www.csbio.sjtu.edu.cn/bioinf/RBPsuite/
http://www.csbio.sjtu.edu.cn/bioinf/RBPsuite/
http://rbpmap.technion.ac.il/
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B). Additionally, ATOH8 overexpression reversed the 
malignant behaviors, such as migration, that were sig-
nificantly enhanced by FXR1 overexpression (Fig.  7C). 
Further analysis revealed that ATOH8 overexpression led 
to a significant decrease in the expression of mesenchy-
mal markers β-catenin, vimentin, and N-cadherin, while 

increasing the expression of the epithelial marker E-cad-
herin (Fig. 7D).

We observed that ATOH8 expression was reduced 
in various cancer types, including ESCA, compared to 
adjacent normal tissue samples from the TCGA dataset 
(369 ESCA patients and 160 control). The results showed 
a significant twofold reduction in ATOH8 expression in 

Fig. 5 FXR1 bind to PDZK1IP1 or ATOH8 and regulate their expression post-transcriptionally. (A) RNA-IP assay was carried out using a monoclonal an-
tibody specific for FXR1 to confirm the direct binding of FXR1 with PDZK1IP1 or ATOH8 mRNAs. Total RNA was extracted, and PCR was performed to 
investigate the enrichment of specific mRNA from the pulldown complex. (B, C) PDZK1IP1 or ATOH8 gene expressions were validated by qRT-PCR in FXR1 
knockdown or overexpression cells. (D, F) The predicted binding regions of FXR1 on PDZK1IP1 and ATOH8 mRNAs. E) Conserved sequence motif of the 
FXR1 protein. Data are presented as the mean ± SEM (n = 3 in each group). *P < 0.05, **P < 0.01
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ESCA tumor tissue compared to normal tissue (P < 0.05) 
(Fig. S6A). Furthermore, ESCA patients with lower 
ATOH8 levels exhibited significantly shorter overall sur-
vival times compared to those with normal tissue levels 
(P = 0.01) (Fig. S6B). Additionally, our analysis revealed a 

negative correlation between FXR1 and ATOH8 mRNA 
expression levels (Fig. S6C). This interaction was further 
validated through STRING protein interaction network 
analysis and GeneMANIA, both of which demonstrated 
strong connectivity between ATOH8 and the FXR1 

Fig. 6 PDZK1IP1 overexpression inhibited the proliferation and migration of ESCA cells. (A) ESCA cells were transfected using the PDZK1IP1 overexpres-
sion, and cell viability was determined using the CCK-8 assay at indicated time points. Each experiment was performed for 5 days and in triplicates. (B) 
ESCA cells were transfected using the PDZK1IP1 overexpression and subjected to a 6–8 days colony formation assay. The number of colonies was calcu-
lated. Scale bar, 100 mm. (C) ESCA cells were transfected with PDZK1IP1 overexpression followed by Transwell assay for cell migration. The cells were then 
observed microscopically (magnification, x200). The relative images and accompanying statistical plots were presented. The experiments were performed 
in triplicate. (D) Western blot detected EMT-related proteins’ expression levels in PDZK1IP1 overexpressed cells. β-actin is used as a loading control. (E) 
qRT-PCR analysis revealed the half-life of PDZK1IP1 mRNA in control or FXR1 knockdown cells after treatment with Actinomycin D. Data are presented as 
the mean ± SEM (n = 3 in each group). *P < 0.05, **P < 0.01
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Fig. 7 ATOH8 overexpression inhibited the proliferation and migration of ESCA cell lines. (A) ESCA cells were transfected using the ATOH8 overexpression, 
and cell viability was determined using the CCK-8 assay at indicated time points. Each experiment was performed for 5 days and in triplicates. (B) ESCA 
cells were transfected using the ATOH8 overexpression and subjected to a 6–8 days colony formation assay. The number of colonies was calculated. Scale 
bar, 100 mm. (C) ESCA cells were transfected with ATOH8 overexpression followed by Transwell assay for cell migration. The cells were then observed mi-
croscopically (magnification, x200). The relative images and accompanying statistical plots were presented. The experiments were performed in triplicate. 
(D) The expression levels of EMT-related proteins were detected in ATOH8 overexpressed cells by Western blot. β-actin is used as a loading control. (E) 
qRT-PCR analysis revealed the half-life of ATOH8 mRNA in control or FXR1 knockdown cells after treatment with Actinomycin D. Data is presented as the 
mean ± SEM (n = 3 in each group). *P < 0.05, **P < 0.01
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protein (Fig. S5A, B). Collectively, these findings under-
score the role of ATOH8 in counteracting FXR1’s effects 
on ESCA cell progression.

FXR1 is necessary for nuclear stabilization of PDZK1IP1 and 
ATOH8 mRNAs
To investigate the potential role of FXR1 in the instabil-
ity of endogenous PDZK1IP1 and ATOH8 mRNAs, we 
treated siControl- or siFXR1-stable transfected OE33 
cells with the transcription inhibitor Actinomycin D 
(ActD) and examined the rate of degradation of PDZ-
K1IP1 and ATOH8 mRNAs using qRT-PCR. Intriguingly, 
the PDZK1IP1 and ATOH8 mRNA levels in siCon-
trol cells seem to cycle rapidly. In contrast, when FXR1 
is depleted, the decay rate of PDZK1IP1 and ATOH8 
mRNAs is significantly altered, and its half-life is sub-
stantially delayed. Consequently, even after 12 h of ActD 
administration, PDZK1IP1 and ATOH8 mRNAs are still 
expressed. According to our findings, FXR1 deletion 
enhances the stability of endogenous PDZK1IP1 and 
ATOH8 mRNAs (Figs. 6E and 7E).

FXR1 knockdown and PDZK1IP1 or ATOH8 overexpression 
suppressed tumor growth
Tumor xenograft models in nude mice have been effi-
ciently developed using OE33 and EC9706 cells. The 
impact of FXR1 inhibition or PDZK1IP1 and ATOH8 
overexpression on the development of esophageal xeno-
graft tumors was then studied. In comparison to the 
control group, the sh-FXR1, OE-PDZK1IP1 + OE-FXR1, 
and OE-ATOH8 + OE-FXR1 groups resulted in consid-
erably lower tumor volumes and weights (Fig. 8A). Fur-
thermore, the sh-FXR1 group had smaller tumor volume 
and weight than the OE-PDZK1IP1 + OE-FXR1 and OE-
ATOH8 + OE-FXR1 groups, but the tumor inhibitory rate 
was greater (Fig. 8B-D). In the FXR1 knockdown group, 
the tumor weight and volume of mice decreased by 80% 
compared to the scrambled control group (p < 0.01). 
Human esophagus xenograft tumors have been stained 
for CD31, Ki67, and cleaved caspase-3, and these findings 
are consistent with the in-vivo effects of FXR1 inhibition 
or PDZK11IP1 and ATOH8 overexpression. The PI value 
was reduced in the OE-PDZK1IP1 + OE-FXR1 and OE-
ATOH8 + OE-FXR1 groups compared to the non-treated 
control group, whereas the AI was higher. In addition, 
when comparing the sh-FXR1 group to the OE-PDZ-
K1IP1 + OE-FXR1 and OE-ATOH8 + OE-FXR1 groups, 
we find that PI is lower in the sh-FXR1 group while the 
AI is higher (Fig. 8E).

Discussion
RBPs form ribonucleoprotein (RNP) complexes by bind-
ing to specific RNAs. Consequently, controlling gene 
expression processes such as RNA splicing, cleavage 

and polyadenylation, transport, translation, stability, and 
degradation of coding RNAs, circular RNAs (circRNA), 
long non-coding RNAs (lncRNA), and microRNAs 
(miRNAs), and their precursors [37–39]. This altered 
activity of FXR1 seems to be present in all cancer types 
and corresponds with the dysregulation of the related 
mRNA targets. FXR1, a potential cancer driver gene, is 
overexpressed in various malignancies. The bioinformat-
ics results of the present study indicate that FXR1 is an 
oncogene whose high expression is associated with a low 
overall survival and recurrence-free survival rate, as well 
as a poor prognosis in ESCA patients. This observation 
is consistent with FXR1’s involvement in other cancers 
reported previously [40, 41]. In addition, we discovered 
that both high-grade ESCA and advanced tumors had 
considerably elevated FXR1 protein levels.

FXR1’s oncogenic functions in numerous human can-
cers have been progressively recognized and established. 
This study explored the possibility of FXR1 being linked 
to ESCA. We initially identified abnormal FXR1 overex-
pression in our ESCA cell population compared to the 
normal cell counterpart at both the mRNA and protein 
levels, indicating a putative oncogenic function for FXR1 
in this deadly disease. The suppression of FXR1 through 
sh-RNA significantly inhibited the proliferation and cell 
viability and promoted the apoptosis and cellular senes-
cence of OE33 cells. Furthermore, malignant behaviors 
were attenuated considerably in FXR1-deficient cells, 
indicating that FXR1 performs multiple functions in the 
cancer biology of esophageal tumors. Mechanistically, 
we characterized the increased expression of PDZK1IP1 
and ATOH8 at the transcript and protein levels in FXR1-
deficient cells. We further unveiled that PDZK1IP1 and 
ATOH8 mRNA stability were improved in OE33 cells 
after FXR1 knockdown. Our findings, obtained through 
computational mapping, showed that FXR1 binds to the 
3′UTR of PDZK1IP1 or ATOH8 and increases its activity 
in the context of FXR1 deficiency. These results empha-
size the potential regulatory action of FXR1 through 
association with the 3′UTR of PDZK1IP1 or ATOH8 
transcripts. The direct binding of FXR1 to PDZK1IP1 or 
ATOH8 transcripts was experimentally and reciprocally 
validated using an RNA-IP assay. We also investigated 
the specific and pre-dominate roles of PDZK1IP1 and 
ATOH8 in mediating the oncogenic function of FXR1 
in ESCA, and our findings showed that overexpression 
of PDZK1IP1 or ATOH8 in FXR1-overexpressed cells 
substantially attenuated the tumor-promoting effects of 
FXR1 overexpression.

Interestingly, FXR1 inhibition and PDZK1IP1 or 
ATOH8 overexpression in conjunction with FXR1-
overexpressed cells significantly inhibited xenograft 
tumor development and increased the survival of nude 
mice. Our findings thus imply that aberrantly high FXR1 
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expression levels, likely via negatively regulating PDZ-
K1IP1 or ATOH8 mRNA levels, contribute to the malig-
nant phenotypes in ESCA. For the first time, our findings 
demonstrate the significance of FXR1-PDZK1IP1 or 
FXR1-ATOH8 signaling in this disease, which may 

hold significant potential for diagnostic or therapeutic 
applications.

In the current investigation, we discovered that FXR1 
was highly expressed and acts as an oncogene in ESCA 
cells. FXR1 inhibition reduced the malignant biological 
characteristics of ESCA cells. Our results are consistent 

Fig. 8 Effects of FXR1 knockdown, or PDZK1IP1 and ATOH8 overexpression on the growth of human ESCA xenograft tumors in nude mice. (A) The 
representative tumor samples from each group are shown. (B) The tumor weight of human ESCA xenograft tumors was measured (n = 5). (C) The tumor 
volumes of human ESCA xenograft tumors were measured (n = 5). (D) The inhibition rate of tumor growth was calculated (n = 5). (E) Representative photo-
graphs of CD31, Ki67, and cleaved caspase-3 staining in human ESCA xenograft tumors (original magnification ×400). The PI, MVD, and AI were calculated 
(n = 3). Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01 compared with the control group
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with its tumor-promoting function in other malignan-
cies. Similar to the findings of this research, FXR1 is 
ubiquitously expressed and has been linked to a poor 
prognosis in ovarian and BC [40]. FXR1 is overexpressed 
in non-small cell lung cancer tissues and cells, knocking 
down destabilized ECT2 mRNA, leading to decreased 
cell proliferation and an increased cell death ratio [41]. 
Furthermore, in HNSCC, FBXO4-mediated FXR1 deg-
radation reduces carcinogenesis, while FXR1 controls 
FBXO4 expression in the feedback loop via inhibiting 
protein translation [32].

Post-transcriptional regulation mechanisms signifi-
cantly impact eukaryotic gene expression programs, 
which are often regulated by RBPs via interactions with 
their 3′UTR region [29]. As crucial regulators of RNA 
metabolism, RBPs have the potential to have a biological 
effect by modulating the stability of target RNAs [42–44]. 
FXR1 plays a crucial role in regulating mRNA stability, 
and translation by binding to specific RNA sequences 
and trans-acting elements. It associates with AREs in the 
3′-UTR of mRNAs, which are key post-transcriptional 
regulatory signals, to modify gene expression. FXR1 sta-
bilizes mRNAs by interacting with the miRNA complex 
or AREs through its KH domains. FXR1 also competes 
with the RNA-stabilizing protein HuR on ARE-contain-
ing transcripts, affecting mRNA decay. Furthermore, 
FXR1 influences mRNA translation efficiency by inter-
acting with the RNAi pathway and RISC protein AGO2, 
promoting translation of target mRNAs like cMYC [45, 
46]. For instance, in OSCC, Majumder et al. showed that 
FXR1 controlled p21 and TERC RNA to avoid p53-medi-
ated cellular senescence [28]. As was previously men-
tioned, CPEB4 is abundantly expressed in glioma tissues. 
Upregulation of CPEB4 increases glioma cell migration 
and invasion [47]. In BC, increased HuR expression pro-
motes tumorigenesis by enhancing the stability of ERBB2 
mRNA [48]. Meanwhile, osteosarcoma cells had elevated 
levels of the RNA binding protein Lin28A; knocking it 
down led to decreased cell proliferation, migration, and 
invasion, as well as increased cell death by stabilizing the 
lncRNA MALAT1 [49]. Fan et al. (2017) demonstrated 
that FXR1 controlled transcription and was crucial for 
the development of human cancer with TP53/FXR2 
homozygous deletion [50]. In this study, for the first time, 
we provide clear evidence that PDZK1IP1 and ATOH8 
are the direct targets of FXR1 for rapid degradation in 
ESCA cells. FXR1 overexpression destabilizes PDZ-
K1IP1 and ATOH8 mRNAs, promoting ESCA develop-
ment. Mechanistically, FXR1 directly interacts with the 
3′-UTRs of these transcripts to promote their degrada-
tion. Our findings suggest that FXR1 exerts oncogenic 
effects through the PDZK1IP1/ATOH8 pathway, indi-
cating potential diagnostic and therapeutic implications. 
Further studies are needed to validate these results.

PDZK1IP1 is almost exclusively found in kidney epi-
thelial cells in healthy human tissues. However, the dys-
regulation of PDZK1IP1 has been seen in several human 
malignancies [14, 15]. Downregulation of PDZK1IP1 
has been documented in various tumor types, includ-
ing ESCA, laryngeal cancer, pancreatic cancer, OSCC, 
glioma, and prostate cancer [19, 20, 51–53]. Notably, 
Low levels of PDZK1IP1 expression were linked to tumor 
growth and were seen in advanced or metastatic tumors. 
The results of a recent study found that PDZK1IP1 
expression was high in normal samples but low in ESCA 
samples. In a later investigation, age > 60, TNM stage III, 
and low PDZK1IP1 expression were associated with poor 
overall survival and unfavorable prognosis [53]. Consis-
tent with these findings, we also observed a low level of 
PDZK1IP1 expression in ESCA cell lines, which is com-
parable with the results of previous studies. In addition, 
overexpression of PDZK1IP1 in the present research 
suppressed the malignant activity of ESCA cells. In par-
ticular, PDZK1IP1 overexpression significantly inhibited 
ESCA cell migration. We demonstrated that low PDZ-
K1IP1 expression is linked to a worse prognosis, suggest-
ing it may be a potential biomarker for ESCA patients.

The cause of PDZK1IP1 dysregulation in malignant 
tumors is mostly unknown. We provide evidence that 
FXR1 overexpression induces PDZK1IP1 dysregulation in 
ESCA cells. PDZK1IP1 has multifaceted oncogenic actions 
in various human malignancies, including cell migration 
[54], tumor development [20], and EMT [55]. In this work, 
we discovered that overexpression of PDZK1IP1 inhibited 
the FXR1-induced increase in ESCA cell proliferation and 
migration. In addition, PDZK1IP1 suppression increased 
SLUG and vimentin in OSCC cell lines, whereas overex-
pression decreased N-cadherin, SLUG, and vimentin [20]. 
Our study found that FXR1 knockdown and PDZK1IP1 
overexpression cells had higher E-cadherin expression 
and lower SLUG, N-cadherin, vimentin, Snail-2, Zeb-1, 
and SMAD2/3 expression. Thus, it is plausible that FXR1 
regulates the expression of EMT-related proteins through 
the PDZK1IP1 pathway. According to these results, overex-
pressing PDZK1IP1 in human ESCA cells may be a future 
strategy for reducing cancer metastasis.

ATOH8 is a new actor in cancer research with ambigu-
ous functions; it was first characterized as an oncogene 
and later as a tumor suppressor gene in cancers. An 
examination of the TCGA dataset found that a low level of 
ATOH8 expression reduces overall survival. In liver can-
cer cell lines, the overexpression of ATOH8 suppressed 
proliferation, invasiveness, and migration. Finally, inhib-
ited tumor development while increasing chemoresistance 
in these cells [56, 57]. In nasopharyngeal carcinomas, 
inhibition of ATOH8 promoted the malignant pheno-
type, whereas transgenic expression restored its function 
[58]. Similarly, ATOH8 is downregulated in bladder, lung, 
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prostate, and ovarian cancers [59]. Consistent with other 
studies, our results showed that ATOH8 overexpression 
suppressed the malignant activity of ESCA cells. Specifi-
cally, overexpression of ATOH8 significantly inhibited the 
growth and migration of ESCA cells. Additionally, it was 
shown that overexpression of ATOH8 suppressed the 
FXR1-induced proliferation and migration of ESCA cells. 
In addition, we observed an association between EMT 
markers and ATOH8, indicating that this novel emergent 
transcription factor is likely a bona fide EMT regulator 
whose expression is remarkably reduced by exogenous 
FXR1 to facilitate ESCA growth. When ATOH8 was over-
expressed, we observed an upregulation of the epithelial 
marker E-cadherin and a downregulation of the mesen-
chymal markers β-catenin, vimentin, and N-cadherin.

Further investigation is warranted to comprehensively 
understand the therapeutic potential of targeting FXR1-
PDZK1IP1/ATOH8 signaling in ESCA murine mod-
els. Additionally, it is important to explore the impact 
of FXR1 knockdown on the expression levels of PDZ-
K1IP1 and ATOH8 in other cancers to validate their 
roles in ESCA progression. FXR1 may also directly regu-
late numerous other mRNAs, which could be elucidated 
using unbiased genome-wide analyses such as eCLIP-
seq. Identifying all potential targets of FXR1 and testing 
the efficacy of FXR1 inhibition for cancer therapy are 
crucial steps for future research.

In conclusion, we studied the expression of FXR1, 
PDZK1IP1, and ATOH8 in ESCA cells and discovered 
the underlying molecular pathways. We provide the first 
comprehensive overview of FXR1 abnormal expression 
contributing to ESCA. The depletion of FXR1 is signifi-
cantly associated with anti-tumor characteristics, such 
as the inhibition of cell proliferation and viability, sup-
pression of migration, and the promotion of apoptosis 
and cellular senescence. We were further mechanisti-
cally explicit that FXR1 regulates PDZK1IP1 and ATOH8 
expression via interacting with its 3′UTR, and the domi-
nant distinct function of both PDZK1IP1 and ATOH8 in 
this signaling pathway is underlined. Our findings show 
that FXR1 has oncogenic activities through the PDZ-
K1IP1/ATOH8 pathway. These findings imply that FXR1-
PDZK1IP1 or FXR1-ATOH8 have significant potential as 
diagnostic or therapeutic improvements.
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two-sided Wilcoxon rank-sum test was used to get the p-value. (B) The most 
prevalent mutation of FXR1 in cancers is amplification. (C) FXR1 protein ex-
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geal tumor growth. The error bars show the median +SD. Significance was 
determined by two-sided Wilcoxon rank sum test where **p<0.01, ***p<0.001

Supplementary Fig. S2:  Effects of FXR1 overexpression on proliferation of 
human ESCA cells. The DNA replication activities were examined by EdU 
assay (original magnification × 200). The experiments were performed in 
triplicate. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01 com-
pared with the control group

Supplementary Fig. S3:  Effects of FXR1 overexpression on migration of 
human ESCA cells. Cell migration was measured by scratch assay (original 
magnification × 100). The number of migrated cells was calculated. The 
experiments were performed in triplicate. Data are presented as mean ± 
SEM. * p < 0.05, ** p < 0.01 compared with the control group

Supplementary Fig. S4: Bioinformatic analysis of PDZK1IP1 expression in 
cancers. (A) Violin plot for PDZK1IP1 expression level between tumors vs. 
normal cases in ESCA. (B) Multivariate Cox analysis of the PDZK1IP1 gene. 
(C) FXR1 and PDZK1IP1 correlation scatter plot. Log2 [TPM] represents 
gene expression levels. Data are presented as mean ± SEM. * p < 0.05, ** p 
< 0.01 compared with the control group

Supplementary Fig. S5: FXR1 Interaction with PDZK1IP1 and ATOH8 
gene. (A) Protein-protein interactions were created in STRING for the two 
genes selected for further studies. (B) Interaction of FXR1, PDZK1IP1 and 
ATOH8 was created by GeneMANIA (a database for the identification of 
co-expression genes)

Supplementary Fig. S6: Bioinformatic analysis of ATOH8 expression in 
cancers. (A, B) ATOH8 expression profile and overall survival of ESCA in the 
TCGA datasets. (C) FXR1 and ATOH8 correlation scatter plot. Log2 [TPM] 
represents gene expression levels. Data are presented as mean ± SEM. * p 
< 0.05, ** p < 0.01 compared with the control group
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