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Purpose: Although the long non-coding RNA (lncRNA) X inactive-specific transcript 
(XIST) has been reported to have an anti-tumor effect in multiple malignant tumors, its 
role in Wilms tumor (WT) progression has not been characterized. Thus, we investigated the 
underlying mechanism by which XIST regulates WT progression.
Patients and Methods: We performed microarray analysis and real-time quantitative PCR 
(RT-qPCR) to detect the expression levels of XIST lncRNA, microRNA-194-5p (miR-194- 
5p), and YAP (yes-associated protein in Hippo pathway) in tumor and matched adjacent 
normal tissues and blood collected from 49 WT patients. We also conducted bioinformatics 
analyses to identify differentially expressed genes. We measured the effects of XIST over-
expression and knockdown on cell proliferation, apoptosis, migration, and invasion, and its 
association with the miR-194-5p/YAP pathway in the rhabdoid G401cell line using flow 
cytometry, transwell assays, immunohistochemistry, Western blot analysis, and the dual 
luciferase reporter gene assay.
Results: We found that XIST lncRNA levels were increased in blood and tissue samples of 
WT patients, and this upregulation was significantly correlated with TNM staging and 
shorter survival time. Notably, we found that XIST upregulation correlated with miR-194- 
5p downregulation and YAP upregulation in WT tissues, suggesting that XIST regulates the 
miR-194-5p/YAP pathway. Conversely, XIST downregulation inhibited WT cell prolifera-
tion, migration, and invasion and induced apoptosis. Our study revealed the oncogenic role 
of the lncRNA XIST in WT and demonstrated its role as a competitive endogenous RNA that 
regulates the miR-194-5p/YAP pathway.
Conclusion: Our study demonstrates XIST’s potential as a clinical prognostic biomarker 
and therapeutic target for WT.
Keywords: lncRNA, XIST, Wilms tumor, YAP

Introduction
As the most common malignant solid tumor among children 2–3 years of age, 
Wilms tumor (WT) is a representative treatment model for malignant childhood 
kidney cancer.1 Although tumors are generally fatal, more than 85% of patients 
with tumors confined to the primary tumor site can be completely cured.2 However, 
over the past 10 years, the prognosis of WT patients in the high-risk group with 
unresectable tumors, primary metastasis, and high recurrence, has been poor.3,4 The 
National WT Study 5 (NWTS-5) group concluded that the loss of heterozygosity on 
chromosomes 1p and 16q is a high-risk factor for WT recurrence and death, but it is 
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not associated with tumor stage and histological type.5 

With more WT genetic research focused on gaining 
a deeper understanding of WT etiology, identifying effec-
tive therapeutic targets and reliable biomarkers of WT 
could improve tumor prognosis.

Long non-coding RNA (lncRNA) was originally thought 
to be transcriptional “noise” and a by-product of RNA poly-
merase II transcription and had no biological functions.6 It 
was later discovered that lncRNA can regulate vital pro-
cesses such as X chromosome silencing, transcription activa-
tion, transcription interference, nuclear transport, and 
a variety of pathological processes during tumorigenesis, 
progression, and metastasis. LncRNA single nucleotide poly-
morphisms (SNPs) have been implicated in WT pathogen-
esis, and previous studies have attempted to uncover the 
relationship between polymorphisms in the lncRNA 
LINC00673 and WT susceptibility.7,8 The anti-tumor role 
of the lncRNA XIST (X inactive-specific transcript) was 
found from observations of its aberrant expression in malig-
nant tumors, including colorectal cancer,9 liver cancer,10 and 
gastric cancer.11 As XIST’s role in WT has not been char-
acterized, we designed this study to determine if XIST plays 
a role in WT tumor progression.

MicroRNA (miRNAs) are another group of non-coding 
RNAs that contain between 20–25 nucleotides. MiRNAs 
can target gene expression through translation inhibition or 
mRNA cleavage, as well as participate in cell prolifera-
tion, differentiation, and apoptosis. Aberrant miRNA 
expression can lead to carcinogenesis or tumor 
suppression.12,13 Although miR-194-5p has been reported 
to inhibit metastasis and epithelial-mesenchymal transition 
in WT,14 its association with XIST in WT remains to be 
verified.

The evolutionarily conserved Hippo/yes-associated 
protein (YAP) signaling pathway, which was originally 
discovered in Drosophila, plays a key role in tissue home-
ostasis and regulating organ size. The core protein YAP in 
the pathway is aberrantly expressed in pediatric tumors 
rhabdomyosarcoma, Ewing’s sarcoma, osteosarcoma, neu-
roblastoma, and liver cancer.15 Notably, genome-wide ana-
lysis in podocytes revealed associations between the 
Hippo/YAP pathway and the transcription factor WT sup-
pressor 1 (WT1). WT1 germline mutations were discov-
ered to be common in adolescents with WT.16 As the role 
of YAP in WT has not been clarified, we sought to mea-
sure its expression level in WT, as well as its correlation 
with XIST lncRNA.

Materials and Methods
Patient Information and Sample Collection
WT tissue (tumor group) and adjacent normal renal tissue 
(normal group) of 49 patients aged 4–11 years old who under-
went WT surgery in the Department of Urology, Children’s 
Hospital of Chongqing Medical University, China, were col-
lected between September 2017 and January 2020. Blood 
samples from 2 WT patients and 2 healthy children were also 
collected. After resection, the tumor tissue and adjacent kidney 
tissue were frozen in liquid nitrogen. All specimens were 
diagnosed as WT by two independent pathologists and were 
graded according to the NWTS-5 classification and TNM 
staging system. None of the patients received radiotherapy or 
chemotherapy before surgery. The correlation between clini-
copathological characteristics and the expression of target 
lncRNA was analyzed using the collected patient clinical 
data. This study was carried out in accordance with the 
World Medical Association Declaration of Helsinki and 
approved by the Ethics Committee of the Children’s Hospital 
of Chongqing Medical University, China. Written informed 
consent was obtained from all parents of patients.

Blood lncRNA/mRNA Chromatin 
Immunoprecipitation (ChIP)-Sequencing
Total RNA was extracted from blood samples from 2 WT and 2 
healthy children using Trizol reagent (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s instructions, fol-
lowed by purification using the NucleoSpin® RNA clean-up 
kit (MACHEREY-NAGEL, Germany). RNA purity and con-
centration were determined using a spectrophotometer 
(NanoDrop ND-1000) based on the OD260/280 readings, 
and RNA integrity was assessed using 1% formaldehyde 
denaturing gel electrophoresis. ChIP was next performed 
using the human lncRNA array v4 lab-on-a-chip kit 
(CapitalBio Technology, Beijing, China) according to the man-
ufacturer’s instructions, and the results were analyzed using the 
GeneSpring software V13.0 (Agilent). Differentially 
expressed genes were identified using the following cutoff 
criteria: fold-change > 2 and P ≤ 0.05. Hierarchical clustering 
was performed for data classification (Cluster 3.0 software) 
prior to bioinformatics analyses.

Reverse Transcription-Quantitative PCR 
(RT-qPCR)
Total RNA from WT and adjacent normal tissues was 
extracted using Trizol reagent and the concentration was 
measured using a UV spectrophotometer. Reverse 

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                             

Cancer Management and Research 2021:13 3172

He et al                                                                                                                                                               Dovepress

http://www.dovepress.com
http://www.dovepress.com


transcription to cDNA was performed using the 
PrimeScriptTM RT kit (Qiagen) according to the manu-
facturer’s instructions. RT-qPCR (SYBR Premix Ex 
TaqTM, TAKARA) was performed using primers with 
the following sequences: XIST, F: 5ʹ-AA 
CCACCACACGTCAAGCTCTTC-3ʹ, R: 5ÁGTGC 
CAGGCATGTTGATCTTCAG-3ʹ; miR-194-5p, F: 5ʹ- 
cgTGTAACAGCAACTCCATGTGGA-3ʹ; YAP: F: 5ʹ- 
TAGCCCTGCGTAGCCAGTTA-3ʹ, R: 5ʹ-TCATGCT 
TAGTCCACTGTCTGT-3ʹ. The following RT-qPCR 
reaction conditions were used: Cycle: 95°C for 30 s, 
95°C for 5 s, and 60°C for 45 s, repeated for 40 cycles. 
Quantification of lncRNA and miRNA in tissues was 
calculated using the 2−ΔΔCT method. Three experimental 
replicates of each sample were obtained and the average 
was calculated.

Lentiviral Transfection
LncRNA XIST overexpression (XIST), XIST sh-RNA knock-
down (sh-XIST), and empty control lentiviral vectors (nega-
tive control NC and sh-NC, respectively) (GenechemCo, Ltd., 
Shanghai, China) were transduced into 293T cells. The XIST 
overexpression sequence was based on the fragment XIST:13 
(https://lncipedia.org/). The packaged lentiviral vectors were 
then transfected into the human WT G401 rhabdoid cell line 
(ATCC, USA) according to the manufacturer’s protocol and 
were collected for analysis after 48 h. The miR-194-5p mimic 
and NC mimic plasmids (GenePharma, Shanghai, China) 
were transfected into the human WT G401 cell line using 
LipofectamineTM RNAiMAX (Invitrogen, USA) according to 
the manufacturer’s protocol.

Cell Lines and Cell Culture
Human WT G401 and normal renal tubular epithelial HK- 
2 cell lines (ATCC, USA) were cultured in DMEM med-
ium containing 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin (Gibco, USA) at 37°C, in a 5% 
CO2 humidified incubator.

Western Blot Analysis
Total protein was extracted from tissues and transfected 
cell lines using RIPA lysis buffer (Beyotime, China) sup-
plemented with 1% phenylmethanesulfonyl fluoride 
(PMSF). Protein concentration was determined using the 
BCA assay. The proteins were separated using SDS-PAGE 
and transferred onto a polyvinylidene fluoride (PVDF) 
membrane. The membrane was first incubated with 
a YAP rabbit primary antibody (1:1,000; cat. #14074, 

CST, USA) at 4°C overnight followed by a goat anti- 
rabbit HRP-conjugated secondary antibody (WLA023; 
Wanleibio, China). The bands were detected and visua-
lized using an enhanced chemiluminescence kit (Millipore, 
USA) and Quantity One software (Bio-Rad, USA) was 
used for image acquisition and density analysis.

Immunohistochemistry
Tissue specimens from patients who did not receive WT 
preoperative treatment were fixed with 4% neutral buf-
fered formalin for 6–72 h within 30 min after isolation. 
Eight pairs of tumor tissues and adjacent normal tissues 
were then randomly selected for immunohistochemistry. 
The formalin-fixed specimens were next subjected to 
paraffin embedding, sectioning (4 μm-thick, 2 mm dia-
meter), dewaxing, rehydration, and antigen retrieval. 
Next, the sections were incubated in 3% hydrogen per-
oxide and 0.5% bovine serum albumin (BSA) for 25 min 
prior to the addition of rabbit anti-YAP primary antibody 
(1:100 dilution; CST, USA), which was incubated over-
night at 4°C. The sections were subsequently incubated 
with HRP-conjugated goat anti-rabbit IgG secondary 
antibody (1:500 dilution; Jackson Immuno Research, 
USA) for 50 min at 37°C, and were finally stained with 
100 μL 3,3ʹ-diaminobenzidine (DAB) and hematoxylin 
(ZSGB-BIO, China) for visualization under an inverted 
microscope (Nikon, Japan).

Cell Proliferation and Apoptosis 
Detection
The CCK-8 (cell counting kit) cell viability assay was 
used to detect the effect of XIST and sh-XIST lentiviral 
transfection on the proliferation of G401 cells according to 
the manufacturer’s protocol (Biosharp, China). Briefly, 
G401 cells (5×103/well) after lentiviral transfection were 
seeded in 96-well plates at 37°C and were divided into 4 
groups (0, 1, 2, and 3 days) of 5 wells/group. After 25 h, 
the cells were incubated with CCK-8 solution (10 µL) for 
2 h at 37°C before cell viability assessment. Absorbance at 
wavelength 450 nm was measured using a microplate 
reader (Bio-Rad, USA). Triplicate measurements were 
obtained.

Transfected G401 cells were subjected to Annexin 
V-FITC/propidium iodide (PI) staining (kit purchased 
from KeyGEN, China) to assess cell apoptosis. Briefly, 
cells were incubated with Annexin V-FITC/PI staining 
solution for 15 min in the dark according to the 
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manufacturer’s protocol before flow cytometry (BD 
Biosciences, USA) and analysis using the FlowJo software 
to determine the apoptotic rate. Three independent experi-
ments were performed.

Cell Migration and Invasion
Wound healing assays were used to evaluate cell migra-
tion. G401 cells (1×105/well) transfected with XIST and 
sh-XIST lentivirus were seeded in a 6-well plate. When 
cell confluence reached 90%, a straight line (scratch) was 
drawn in the middle of the plate using a 10 μL pipette tip. 
Cells that did not adhere to the plate were washed away 
with phosphate buffered saline (PBS) and replaced with 
fresh cell culture medium without FBS. At 0, 24, and 48 h, 
images of the cells were captured and analyzed using the 
ImageJ software.

The transwell assay was used to assess cell invasion 
following G401 cell lentiviral transfection. Briefly, 200 µL 
of transfected G401 cells (1×105/mL) were seeded on the 
top transwell chamber (50 µL of Matrigel at 1:7 dilution; 
BD, USA), and 600 μL of complete medium was added to 
the bottom chamber. After 24 h, the cells were fixed with 
90% ethanol and stained with 0.5% crystal violet prior to 
observation under an inverted microscope (Nikon, Japan). 
Five fields of view were randomly selected for counting 
the stained cells.

Dual Luciferase Gene Reporter Assay
GV272 plasmids containing the firefly luciferase gene and 
wild-type (wt; GV272-XIST-wt and GV272-YAP-wt) or 
mutant (mut; GV272-XIST-mut and GV272-YAP-mut) 
fragments of the XIST 3-untranslated region (UTR) with 
the predicted miR-194-5p binding site (GenechemCo, Ltd. 
Shanghai, China) were transfected into 293T cells. Briefly, 
1 µg plasmid and 2 µL X-tremegene HP transfection 
reagent (Roche) in 100 µL opti-MEM medium were 
added to the 293T cells inoculated in a 24-well plate. 
The cells were cultured at 37°C for 5–6 h in a 5% CO2 

humidified incubator. Complete medium containing 10% 
serum (200 µL) was added to each well for a total volume 
of 500 µL. A GFP (green fluorescence protein) plasmid 
was used as a transfection control. Cells were harvested 48 
h after transfection, and luciferase activity was measured 
using the Dual-Luciferase® Reporter Assay System 
(Promega, Madison, WI, USA). The firefly luciferase 
activity of each sample was normalized to Renilla lucifer-
ase activity.

Statistical Analysis
Statistical data analysis was performed using the 
GraphPad Prism software (GraphPad Software Inc, La 
Jolla, CA, USA) and SPSS v17.0 software (SPSS Inc., 
Chicago, IL, USA). All data are expressed as the mean ± 
standard deviation (SD). One-way analysis of variance 
(ANOVA) or two-tailed Student’s t-test was used to com-
pare groups. Values of P < 0.05 were considered statisti-
cally significant.

Results
XIST Upregulation is Correlated with 
Poor WT Prognosis
LncRNA ChIP sequencing of blood samples of 2 WT and 
2 healthy children revealed 32 upregulated lncRNAs 
(Supplementary Figure 1A and B). XIST lncRNA was 
among the 32 upregulated lncRNAs, with a log fold- 
change value of 4.67 (Figure 1A). We selected the top 10 
upregulated and top 10 downregulated lncRNAs identified 
from ChIP sequencing for RT-qPCR validation using 49 
pairs of matched WT and adjacent non-tumor tissue sam-
ples. RT-qPCR revealed that ENST00000446912.2, 
AL157834.2, AK027145.1, and LINC01168 were signifi-
cantly downregulated in WT tissues, while XIST was 
upregulated in 19 (39%) WT tissues and downregulated 
in 30 (61%) WT tissues (Figure 1B and Supplementary 
Figure 1C–G). Analysis of the relationship between XIST 
expression and clinicopathological characteristics of WT 
patients revealed that XIST expression significantly corre-
lated with TNM staging and stage III/IV WT (Table 1). In 
addition, Kaplan-Meier analysis showed that XIST upre-
gulation was associated with shorter survival time of WT 
patients (Figure 1C).

YAP is Highly Expressed in Human WT 
Tissues
We conducted microarray analysis of 2 WT and 2 healthy 
control samples to identify differentially expressed mRNA 
targets (Figure 1D). On average, our RT-qPCR results 
demonstrated an upregulation of YAP mRNA in most WT 
tissues but not in normal tissues (Figure 1E). Consistent with 
the RT-qPCR results, Western blot analysis and immunohis-
tochemistry verified the upregulation of YAP protein 
between 8 randomly selected pairs of WT tissues and adja-
cent non-tumor tissues (Figure 1G and H).
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miR-194-5p Interacts with Both XIST 
lncRNA and YAP
Using Starbase (http://starbase.sysu.edu.cn/index.php) 
and TargetScan (http://www.targetscan.org/vert_72/) 
gene target and binding site prediction programs, we 

identified miR-194-5p as a target that can bind both 
XIST lncRNA and YAP and also predicted the miR- 
194-5p binding site on XIST (Figure 2A) and YAP 
(Figure 2D). Lower luciferase signal intensity was 
observed in 293T cells co-transfected with the 

Figure 1 XIST lncRNA, YAP mRNA and protein expression in WT blood and tissue samples. (A) ChIP microarray showing differentially expressed lncRNAs in 2 WT and 2 
healthy control blood samples. (B) RT-qPCR analysis of 49 pairs of matched WT and adjacent non-tumor samples showing the relative expression levels of XIST. (C) Kaplan- 
Meier survival curve of WT patients with differential XIST levels. (D) Microarray profiles of differentially expressed mRNA in blood samples of 2 WT patients. (E and F) RT- 
qPCR analysis of the relative expression of YAP mRNA and miR-194-5p in WT tissues and adjacent non-tumor tissues (n = 49 each for tumor vs normal tissue). (G) 
Immunohistochemical (400×magnification) and (H) Western blot analyses of YAP protein expression levels in 8 randomly selected pairs of WT tissues and adjacent non- 
tumor tissues. One-way ANOVA or two-tailed t-test was performed for comparisons between the two groups. **P < 0.01, ***P < 0.001. 
Abbreviations: T, tumor tissue; N, normal tissue.
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miR-194-5p mimic and XIST-wt (P < 0.05; Figure 2B 
and C), as well as the miR-194-5p mimic and YAP-wt 
(P < 0.05; Figure 2E and F), compared with the negative 
control, while no significant change in luciferase activity 
was observed in the cells co-transfected with the miR- 
194-5p mimic and either the XIST-mut or YAP-mut. 
These results suggest that miR-194-5p can bind to both 
XIST and YAP. Consistent with the observed upregula-
tion of XIST lncRNA and YAP levels (Figure 1B, E, 

G and H), significant downregulation of miR-194-5p was 
observed in the tumor tissues of the 49 WT patients 
(Figure 1F).

XIST lncRNA Regulates WT Through the 
miR-194-5p/YAP Axis
Consistent with the results from the luciferase reporter 
assay, RT-qPCR showed that XIST was upregulated 
(Figure 2G) but miR-194-5p was downregulated (Figure 
2H) in G401 WT cells compared with HK-2 normal renal 
tubular epithelial cells. Moreover, we found that XIST 
overexpression in the G401 cell line resulted in decreased 
miR-194-5p levels, while XIST knockdown (sh-XIST) 
resulted in elevated miR-194-5p levels (Figure 2I). 
Western blot analysis also verified that YAP protein levels 
decreased in WT cells upon transfection of miR-194-5p 
mimic or sh-XIST in G401 WT cells (Figure 2J). Taken 
together, the results indicate that XIST regulates WT via 
the miR-194-5p/YAP axis, wherein XIST-mediated repres-
sion of miR-194-5p relieves miR-194-5p-mediated inhibi-
tion of YAP.

XIST lncRNA Promotes the Proliferation 
and Invasion of WT Cells
XIST overexpression (XIST; Figure 3A) and knockdown 
(sh-XIST; Figure 3B) in G401 cells were successfully 
established. Next, we investigated the effect of XIST 
lncRNA on G401 WT cells. Using the CCK-8 cell viability 
assay, we found that XIST enhanced G401 cell prolifera-
tion, while sh-XIST attenuated proliferation (Figure 3C 
and D). Consistent with the results of the CCK-8 assay, 
flow cytometry analysis showed that XIST decreased WT 
apoptosis, while sh-XIST promoted WT apoptosis (Figure 
3E). Wound healing and transwell assays revealed that 
overexpression of XIST in G401 cells enhanced WT cell 
migration and invasion, while sh-XIST suppression 
decreased cell migration and invasion (Figure 3F and G). 
These results indicate that XIST promotes the prolifera-
tion, migration, and invasion of G401 cells and inhibits 
apoptosis in vitro, supporting XIST’s oncogenic role 
in WT.

Discussion
There is growing evidence that lncRNA dysregulation 
can lead to tumorigenesis.17 The XIST lncRNA is 
a product of the XIST gene, which plays a primary role 
in mediating X chromosome inactivation and ensuring 

Table 1 Relationship Between XIST Expression and the 
Clinicopathological Features of WT Patients

Characteristics n Expression of LncRNA 
XIST

P value

High 
Expression

Low 
Expression

Sex

Male 26 12 14 0.260
Female 23 7 16

Ages
<3year 28 13 15 0.204

≥3year 21 6 15

Location

Left 26 7 19 0.070

Right 23 12 11

Histological type

FH 34 12 22 0.451
uFH 15 7 8

TNM stage
I, II 32 7 25 0.001*

III, IV, V 17 12 5

Perinephric 

metastasis
Yes 22 9 13 0.782

No 27 10 17

Lymphatic 

metastasis

Yes 12 5 7 0.813
No 37 14 23

Hematuresis
Yes 11 4 7 0.852

No 38 15 23

Tumor size (cm)

<5 7 2 5 0.239

>5 42 17 15

Note: *P < 0.05.
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balanced gene dosage. Notably, XIST upregulation has 
been observed in some malignant tumors and was found 
to be associated with tumor cell growth, infiltration, and 
migration, higher TNM staging, and positive lymph node 
metastasis.18 XIST has been shown to function as 
a “molecular sponge” of miR-139-5p in melanoma,19 

regulate the miR-133a/SOX4 axis in glioma20 and miR- 
497 in gastric cancer,11 and promote cell proliferation, 
invasion, and metastasis. In addition, XIST methylation 
status has been reported to modulate prostate cancer 
progression.21,22 Since lncRNA has been implicated in 
WT,23 we designed this study to elucidate the underlying 
mechanism of XIST-mediated WT progression. We found 
elevated XIST levels in WT tissues compared with adja-
cent non-tumor healthy tissues and also observed 

a positive correlation between XIST expression levels 
and survival duration. Bioinformatics prediction and 
dual luciferase gene reporter assays confirmed that miR- 
194-5p interacts with both XIST and YAP. Using 
XIST overexpression and knockdown lentiviral genetic 
constructs and the G401 WT cell line, we showed that sh- 
XIST-induced downregulation suppressed cell prolifera-
tion, migration, and invasion, and induced apoptosis, 
while the XIST overexpression constructs reversed these 
effects. Moreover, our investigation of the underlying 
mechanism of XIST in WT revealed that XIST lncRNA 
and YAP protein were upregulated, while miR-194-5p 
was downregulated in WT. Insights garnered from this 
study could potentially be applied in WT clinical prog-
nosis and therapy.

Figure 2 miR-194-5p can bind to both XIST and YAP in WT tissues. XIST lncRNA regulates WT progression through the miR-194-5p/YAP axis. (A) XIST 3ʹ-UTR wild-type 
(XIST-wt) sequence containing the miR-194-5p binding site and sequence of the mutant (XIST-mut) miR-194-5p binding site. (B and C) Luciferase reporter gene assay 
(images and histograms) showed lower luciferase activity for miR-194-5p and XIST-wt than XIST-mut (P < 0.05). TRAF6 was used as an internal control to verify the integrity 
of the luciferase gene reporter assay. (D) YAP 3ʹ-UTR wild-type (YAP-wt) sequence containing the miR-194-5p binding site and sequence of the mutant (YAP-mut) miR-194- 
5p binding site. (E and F) Luciferase reporter gene assay (images and histograms) showed lower luciferase activity for miR-194-5p and YAP-wt than YAP-mut (P < 0.05). 
TRAF6 was used as an internal control to verify the integrity of the luciferase gene reporter assay. (G) XIST lncRNA expression and (H) miR-194-5p in WT G401 cells and 
normal renal epithelial HK2 cells. (I) RT-qPCR analysis of miR-194-5p after transfection of lentiviral XIST, NC, and sh-XIST in WT G401 cells. (J) Western blot analysis 
showed that YAP protein expression can be regulated by miR-194-5p and XIST. One-way ANOVA or two-tailed t-test was performed for comparisons between the two 
groups. *P < 0.05, ***P < 0.001.
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Figure 3 XIST promotes the proliferation, migration, and invasion of G401 cells, and inhibits apoptosis in vitro. (A and B) Stable XIST overexpression (lentiviral XIST and 
negative control, NC) and XIST knockdown (lentiviral sh-RNA and negative control, sh-NC) were successfully established in WT G401 cells. (C) CCK-8 cell viability assay 
profiles showed that XIST overexpression enhanced G401 cell proliferation, while (D) XIST knockdown decreased cell proliferation. (E) Flow cytometry showed that XIST 
overexpression decreased apoptosis while XIST knockdown promoted apoptosis. (F) Scratch assay (100×magnification) (G) and transwell assay showed that XIST 
overexpression promoted G401 cell migration and invasion in vitro (100×magnification). Three independent replicates were performed. One-way ANOVA or two-tailed 
t-test was performed for comparisons between the two groups. *P < 0.05, **P < 0.01, ***P < 0.001.
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In this study, we verified that miR-194-5p was sig-
nificantly reduced in WT tissues, consistent with 
a previous report of miR-194-5p-mediated inhibition of 
metastasis and epithelial-mesenchymal transition in WT, 
thereby limiting WT progression.14 After confirming the 
direct interaction between miR-194-5p, XIST lncRNA, 
and YAP using the dual luciferase reporter assay, we 
further verified that miR-194-5p was inhibited by XIST 
in WT in vivo and in vitro, confirming our hypothesis 
that XIST plays a role as a competing endogenous RNA 
(ceRNA) and regulates WT survival. This is the first 
study to demonstrated that YAP expression is elevated 
in WT and that XIST lncRNA can modulate YAP pro-
tein levels. YAP and miR-194-5p have been reported to 
be inversely correlated, wherein the former is down-
regulated and the latter is upregulated upon CG200745 
intervention in cholangiocarcinoma cells.24 We con-
firmed the association between YAP and miR-194-5p 
in this study and demonstrated the inhibitory effect of 
miR-194-5p on downstream YAP expression.

Conclusion
In conclusion, our study revealed the negative correlation 
between XIST lncRNA expression and WT survival, and 
we showed that the underlying mechanism of XIST- 
mediated modulation of WT prognosis involves the miR- 
194-5p/YAP Hippo signaling pathway. Notably, we are the 
first group to characterize the association between XIST 
lncRNA and YAP and their expression in WT. Our find-
ings provide novel insights into improving WT prognosis 
and therapy.
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