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Objective: To investigate the role and underlying mechanism of Six-Transmembrane Epithelial Antigen of the Prostate 1 (STEAP1)
in Hepatocellular carcinoma (HCC) progression, and to validate its potential as a therapeutic target.

Materials and Methods: In this study, STEAP1-knockdown models were used to evaluate cell proliferation, invasion and migration.
RNA sequencing (RNA-seq) were performed to explore downstream mechanisms. Subcutaneous Xenograft Model in nude mice was
used to investigate the role of STEAP1 in the proliferation of HCC in vivo.

Results: STEAP1 knockdown significantly inhibited HCC cell proliferation, invasion, and migration, downregulated the expression of
EMT-related proteins, and suppressed activation of the Wnt signaling pathway. In vivo, STEAPI silencing effectively reduced the
growth of subcutaneous tumors in nude mice.

Conclusion: STEAP1 promotes HCC growth and metastasis by activating the Wnt/B-catenin signaling pathway, and may serve as a
promising therapeutic target for HCC.
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Introduction

Liver cancer represents a major threat to global public health, accounting for a substantial number of mortalities on an
annual basis."? Hepatocellular carcinoma (HCC) accounts for the vast majority of primary liver cancer cases.> Well-
established risk factors for HCC encompass chronic hepatitis B virus (HBV) infection, alcoholic and non-alcoholic
cirrhosis, as well as excessive exposure to aflatoxins.'* Current standard treatment modalities for HCC encompass

surgical resection, liver transplantation, interventional procedures, targeted therapy, and immunotherapy.”°

Despite the
widespread application of multimodal therapeutic strategies for HCC, the overall prognosis of affected patients remains
unfavorable.”® Thus, there is an urgent need to further explore the pathogenic mechanisms underlying HCC for the
development of innovative therapeutic strategies.

Six-Transmembrane Epithelial Antigen of the Prostate 1 (STEAP1), a protein characterized by six transmembrane
domains, has been identified as a cell surface antigen prominently localized at cell-cell junctions.”'® Numerous
preclinical and clinical studies have consistently shown elevated STEAP1 expression in multiple malignant tumor cell
lines and primary tumor tissues.”'"'? Multiple studies have shown upregulated STEAP1 expression in many tumor
cells.""'* Additionally, STEAP1 acts as a potential biomarker for prostate cancer recurrence. A recent study has
demonstrated differential STEAP1 expression in HCC, which correlates with distinct prognostic outcomes in affected

patients.'* Although several studies have demonstrated that STEAP1 can modulate the proliferative phenotype of HCC
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cell lines, these investigations were solely reliant on small interfering RNA (siRNA)-based knockdown strategies and
failed to further explore the invasive and migratory capacities of HCC cells. Moreover, such studies lacked in vivo
validation at the animal model level.'> Currently, the specific role of STEAP1 in HCC lacks detailed verification through
both in vivo and in vitro experiments. In this study, we validated the specific function and underlying mechanism of
STEAP1 in HCC by conducting comprehensive in vivo and in vitro assays. Overall, the research on STEAP1 in HCC is
still not comprehensive enough. Therefore, our research is aimed at exploring the function and underlying mechanism of
STEAP1 in HCC.

The Wnt/B-catenin signaling pathway includes a set of proteins that are vital for both embryonic development and the
maintenance of adult tissues.'® Changes in the Wnt/B-catenin signaling route are frequently associated with a variety of
cancerous conditions.'”'® In general, the Wnt signaling pathway remains conserved. Its activation is triggered when a
ligand binds to the cell membrane, promoting the translocation of B-catenin from the cytoplasm into the nucleus. Within
the nucleus, B-catenin interacts with the TCL gene, thereby regulating subsequent gene expression.'® Previous studies
have demonstrated that the FGF21-KLB signaling pathway can regulate the metastatic capacity of HCC by modulating
the B-catenin pathway,”® which shares certain similarities with our findings. Moreover, our study adopted biological
methodologies analogous to those in the aforementioned research to elucidate the regulatory role of the target gene in
HCC. Additionally, STEAP1 may be associated with several components of the FGF21-KLB signaling pathway, yet this
potential correlation requires further experimental validation. The activation of the Wnt signaling pathway is closely
linked to the progression of HCC.?'** Several studies have confirmed a functional association between STEAP1 and the
Wnt signaling pathway.”’24 Consequently, we hypothesized whether STEAP1 could promote hepatocellular carcinoma
(HCC) progression via the Wnt signaling pathway.

Materials and Methods

Cell Culture

The Huh7 and Hep3B cell lines were purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, China). Both
cell lines were authenticated via short tandem repeat (STR) profiling, and the corresponding authentication reports are
available. In routine culture, the cells were subcultured every 3 days. Cells were cultured regularly in DMEM medium
with elevated glucose levels, 10% fetal bovine serum, 100 U/mL penicillin G, and 50 mg/L streptomycin. The culture
environment was maintained at 37°C with 5% CO, humidity.

Reagents and Antibodies
The details are provided in Supplementary Table 1. The specificity and sensitivity of the antibodies used in this study

were validated using known positive and negative control samples. The selection criteria for these control samples were

based on the recommendations provided in the respective antibody datasheets.

Colony Assays

Huh7 and Hep3B cells were seeded into six-well plates at a density of 2000 cells/well, cultured in DMEM medium
containing 10% FBS for 14 days under the conditions of 37 °C, 5% COL]. Following this incubation period, the cells
were fixed, stained and photographed. The number of colonies produced, arising from more than ten cells, was quantified
using Imagel software.

EdU Cell Proliferation Assay
According to the instructions provided by the Cell Proliferation Kit (Cell-Light EQU DNA, RiboBio, Guangzhou, China),
Huh7 and Hep3B cells were processed for EDU staining. Subsequently, Hoechst 33342 was used to stain the nuclei.

Finally, images were captured using an inverted fluorescence microscope.
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Cell Counting Kit-8 Assay
Huh7 and Hep3B cells were seeded into 96-well plates at a ratio of 5x10* cells/well and subsequently exposed to varying
doses of drugs. After 24 to 48 hours of drug exposure, the cells were extracted, with 10 pL. of CCK-8 solution (C0038,
Biochem, Shanghai, China) added to each well, and then incubated at 37°C for 2 hours. Cell viability was assessed by
measuring the absorbance at 450 nm.

Transfection

The control group insertion sequence was TTCTCCGAACGTGTCACGT. There were 2 shRNA sequences used
(shRNA1: GCACAATACACGCATTGATTT; shRNA2: GCCTGGAATAAGTGGATAGAT). To facilitate the successful
transfection of plasmids, cell lines were transfected using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA,
USA). To perform shRNA transfection, actively dividing cells were seeded into 6-well plates in serum-free DMEM
medium, along with Lipofectamine 3000. After six hours, the cells were cultured in DMEM medium containing serum
for two days, followed by the selection process with puromycin (2 pg/mL) added until all cells survived. Puromycin at a
concentration of 2 pg/mL serves as a core reagent for positive clone selection, which eliminates untransfected cells and
yields a homogeneous population of stably transfected cells.

RNA-Seq and Enrichment Analysis

RNA sequencing was performed on Huh7 cells derived from both control and sh-STEAP1 groups (n=3). Following
transfection, cells were treated with Trizol and shipped on dry ice to gzsc (Guangzhou, China) for subsequent sequencing
and analysis. Briefly, the process included Total RNA sample detection, RNA enrichment, double-stranded cDNA
synthesis, end repair, A-addition and splicing, fragment selection and PCR amplification, library QC, and Illumina
sequencing. This was followed by differential expression and enrichment analysis.

We used clusterProfiler software to perform GO functional enrichment analysis and KEGG pathway enrichment
analysis on the identified differential gene sets. The enrichment analysis is based on the principle of hypergeometric
distribution. In this context, the differential gene set refers to genes that are determined by the differential significant
analysis and annotated to the GO or KEGG database, while the background gene set includes all genes that are subject to
differential significant analysis and annotated to the GO or KEGG database. The enrichment analysis reveals the
enrichment of all differential gene sets, up-regulated differential gene sets, and down-regulated differential gene sets,
for each differential comparison combination.

RT-qgPCR

RNA was isolated from tissues and cells using trizol, and 1 pg of this RNA was converted into cDNA according to the
instructions of Reverse Transcription Kit (vazyme, Catalog No).R323-01). Subsequent amplification was then carried out
following the protocol of the Amplification Reagent (vazyme, Catalog No.Q711-02). The sequences of the primers used in
the study were as follows: GAPDH reverse primer 5’- ATGCCAGTGAGCTTCCCGTTCAG -3’ and forward primer 5’-
CATCACTGCCACCCAGAAGACTG —3’. Primers for STEAP1, Forward primer GGCAATACTGGCTCTGTTGGCT.
Reverse primer GCGTGTATTGTGCCCAGTAGAAG. Primers for Wntl, forward CCGATGGTGGGGTATTGTGAA,
reverse TCCCCG GATTTGGCGTATC.

Western Blot

Complete protein extraction was performed using with RIPA buffer, enhanced by PMSF, protease, and phosphatase
inhibitor blend. The concentration of the protein was quantified using the BCA protein assay kit from Thermo Fisher
Scientific. A 30 pg protein sample was run on SDS-PAGE, transferred onto a PVDF membrane, and incubated with a
primary antibody followed by an HRP-conjugated secondary antibody. Detection was carried out using BeyoECL Plus
(Beyotime, Jiangsu, China). Images were captured through a Fushon Fx (Vilber Lourmat) imaging system (Marne-la-

Vallée, France).
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Cell Migration and Invasion Test

The cells were evenly distributed in a six-well plate. Following the confirmation of adequate cell spreading, these cells
were scored using a 100 uL yellow tip and then placed in an incubator for 48 hours. Cell mobility was calculated using 1
- (Oh area - 48h area). Transwell assays were conducted with BD transwell chambers, each seeded with 50,000 cells. The
upper compartment was supplemented with serum-free medium, while the lower compartments contained medium with
10% FBS. After 48 hours, the chambers were removed, fixed with paraformaldehyde and stained with crystal violet. The
number of cells was observed under a microscope and other techniques. The distinction between the transwell test for
migration and invasion was the addition of matrix gel treatment.

Animal Feeding and Treatment

Mice were cared for according to NIH guidelines for laboratory animals. The study was carried out in compliance with
the ARRIVE guidelines. The Ethics Committee of the First Affiliated Hospital of Zhengzhou University approved all
animal experiments (2019-KY-21), which were conducted in accordance with the animal welfare guidelines of National
Institutes of Health. BALB/c nude mice are immunocompromised animals and are widely used in animal models of
HCC. The Huh7 cells used in our tumor-bearing experiments are human-derived HCC cells, which are unable to form
stable xenografts in immunocompetent mice. Consistent with the experimental protocols reported in most relevant
studies, BALB/c nude mice were selected as the animal model in this research to ensure successful tumor formation
and reliable experimental results.”> 5-week-old male BALB/c nude mice were provided by Beijing Vitality River
Laboratory Animal Technology Co. Ltd. (Beijing, China) and kept in a pathogen-free environment. These subjects,
sourced from Beijing Dynamic River Laboratory Animal Technology Co., Ltd., were kept in a sterile environment. Every
mouse was administered a subcutaneous injection of 0.1 mL of DMEM without FBS containing 1 million HuH7 cells on
the right dorsal side.’®*” The tumor size in mice was measured at the respective time intervals. It was calculated by
multiplying its length by its width squared and then dividing the result by two (volume = length x width*?/2). To ensure
the safety and well - being of the mice, we make sure that the diameter of the tumor does not exceed 1.5 cm and the
volume does not exceed 1500 mm?®. Once the diameter or volume of the tumor approaches this value, we will euthanize
the mice; death will be confirmed by observing the cessation of breathing and heartbeat. Following a 28-day experi-
mental period, all mice were injected intravenously with a 200 mg/kg dose of sodium pentobarbital, euthanized. Tumor
tissue was collected, and the tumors were excised, weighed, photographed and subsequently utilized for other studies.

Statistical Analysis

SPSS software (version 22.0) was used to evaluate the experimental results. The data are presented as mean + standard
deviation. An independent samples z-test was applied for comparisons between two groups. For multiple-group analyses,
one-way ANOVA was performed, followed by LSD-¢ test. Statistical significance was defined as P < 0.05.

Result

STEAP| Promotes the Proliferation of HCC Cells

We knocked down STEAP1 in Hep3B and Huh7 cells using shRNA, and confirmed that both shl and sh2 reduced
STEAPI expression in these two cell lines—with sh2 exerting a more robust knockdown effect (Figure 1A). Therefore,
sh2 was selected as the preferred treatment group for STEAP1 knockdown in subsequent experiments. We assessed the
effect of STEAP1 on HCC cell viability via the CCK-8 assay, which revealed a notable reduction in cell viability upon
STEAP1 knockdown (Figure 1B). To further validate the role of STEAP1 in HCC proliferation, we performed a colony
formation assay; this demonstrated that colony formation was also suppressed following STEAP1 knockdown
(Figure 1C). Additionally, we evaluated HCC cell proliferation using EdU staining, and found that reduced STEAP1
expression significantly decreased the EdU-positive rate (Figure 1D). Collectively, these findings indicate that STEAP1
functions to promote the proliferation of HCC cells.
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Figure | STEAP| promotes the proliferation of HCC cells. (A) Validation of differences in STEAPI mRNA levels between control and sh groups in Hep3B and Huh7 cell
lines. Data are mean * SD (n=3). Statistical analysis was performed using One-way ANOVA followed by LSD-t test (df=6), P<0.05*VS Control. (B) CCK-8 assay was
conducted to determine changes in cell viability after knockdown of STEAPI. Data: mean + SD (n=3). Stats: independent samples t-test (df=2), P<0.05 *. (C) The clone
formation assay was used to assess alterations in the proliferation capability of cells after knockdown of STEAPI. (D) Changes in EDU staining after STEAP| knockdown.

STEAPI Promotes the Migration and Invasion of HCC in vitro
To substantiate the impact of STEAP1 on the metastatic potential of HCC cells, we performed wound healing assay in Hep3B

and Huh7 cells. The results showed that STEAP1 knockdown markedly impaired cell wound healing (Figure 2A-D).
Additionally, we utilized Transwell assay to evaluate the invasive and migratory capacities of these cells; data revealed that
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Figure 2 STEAPI promotes the Invasion and migration of HCC in vitro. (A-D) Scratch wound assay to assess the migratory capability of HuH7 (A and B) and Hep-3B.
Data: mean * SD (n=3). Stats: independent samples t-test (df=2), P<0.05 *. (C and D) cells treated with sh-STEAPI or Control for 48h. Data: mean * SD (n=3). Stats:
independent samples t-test (df=2), P<0.05 *. (E-H) Transwell assay was used to determine the invasive and migratory abilities of sh-STEAP| group and control group in Huh7
(E and F) and Hep3B (G and H) cells. Cells were treated for 48h and photographed under a 200* microscope field of view. Data: mean + SD (n=3). Stats: independent
samples t-test (df=2), P<0.05 *.
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reduced STEAPI expression suppressed the migratory and invasive potential of HCC cells (Figure 2E-H). Collectively, these
findings demonstrate that STEAP1 acts as a facilitator of invasion and migration in HCC cells.

STEAPI| Regulates EMT and Whnt Signaling Pathways in HCC Cells

A strong association between EMT and malignant tumor metastasis has been reported in a number of papers. To delve
deeper into the connection between STEAP1 and HCC metastasis, we employed Western Blot to assess the expression of
EMT-associated proteins following the suppression of STEAP1. The findings indicated that reduced STEAP1 expression
in Hep3B and Huh7 cell lines led to a marked decrease in N-cadherin and Vimentin levels, while concurrently enhancing
E-cadherin expression (Figure 3A—D). To further explore how STEAP1 functions in hepatocellular carcinoma, we used
RNA-seq technology to sequence and analyze the mRNA levels in HCC cells from STEAPI knockdown and control
groups. The findings indicated that, compared to the control group, the reduction of STEAP1 expression caused
alterations in the mRNA levels of numerous downstream genes. Additionally, KEGG pathway enrichment analysis
revealed significant changes in the Wnt signaling pathway (Figure 3E and F). Therefore, we decided to further investigate
whether STEAP1 plays a role in HCC through the Wnt signaling pathway. Subsequently, we utilized Western Blot (WB)
analysis to identify proteins associated with the Wnt signaling pathway. The findings indicated that decreased STEAP1
expression could suppress Wntl levels and affect B-cadherin protein expression (Figure 3G—J). These findings suggest
that STEAP1 is able to regulate the alteration of Wnt signaling pathway.

STEAPI| Promotes HCC Proliferation in vivo

To elucidate the role of STEAP1 in HCC progression, we performed a subcutaneous tumor xenograft assay in nude mice.
Our findings showed that reduced STEAP1 expression significantly suppressed the growth of subcutaneous tumors in
nude mice, as evidenced by decreased tumor size and weight (Figure 4A and B). These results indicate that STEAP1
enhances the proliferative potential of HCC in vivo.We further performed PCNA and Ki-67 immunohistochemical
staining on the excised subcutaneous tumor tissues. Results demonstrated that STEAP1 knockdown notably reduced the
positive rates of both PCNA and Ki-67 (Figure 4C and D), suggesting that STEAP1 silencing significantly inhibits the
proliferative activity of HCC cells. PCNA and Ki-67 are well-recognized biomarkers closely associated with cell cycle
progression and cell proliferation,”®*’ The decreased positive rates of these two markers indicate that STEAP1 depletion
impairs the ability of HCC cells to enter the cell cycle and undergo mitotic division, thereby suppressing HCC cell
proliferation in vitro.
Collectively, these in vitro and in vivo findings confirm that STEAP1 plays a pro-proliferative role in HCC cells.

STEAP| Promotes HCC Invasion and Migration by Activating the Wnt Signaling

Pathway

To ascertain whether STEAP1 facilitates the invasion and migration capabilities of HCC through the Wnt signaling
pathway, we treated Huh7 and Hep3B cells with Wnt/B-catenin agonist 2, an activator of the Wnt pathway. The findings
showed that Wnt/p-catenin agonist 2 is capable to partially restore the scratch would healing ability of Huh7 and Hep3B
cells impaired by STEAP1 knockdown (Figure SA-D). This suggests that STEAP1 could enhance the migratory ability
of HCC by activating the Wnt signaling pathway. Subsequently, we validated the invasive and migratory capabilities of
HCC cells using the transwell assay. Consistently, the results showed that Wnt/B-catenin agonist 2 could revert the
suppression of invasion and migration in STEAP1- knockdown Huh7 and Hep3B caused by (Figure SE-H). Collectively,
these results corroborate that STEAP1 enhances the invasion and migration capabilities of HCC by activating the Wnt
signaling pathway.

Discussion

Accumulating research findings have established that selective targeting of STEAP1 not only effectively halts the
malignant progression of prostate cancer but also translates into enhanced prognostic benefits for patients with this
disease.*>*' Some studies have also identified the downregulation of STEAP1 expression as a predictor of good
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Figure 3 STEAPI regulates EMT and Whnt signaling pathways in HCC cells. (A) WB was used to detect changes in EMT-associated proteins between the sh-STEAPI group
and the control group in Huh7 cells. (B) Bar graphs represent the expression differences of EMT-related proteins in Huh7 cells between the sh-STEAPI group and the
control group. Data: mean * SD (n=3). Stats: independent samples t-test (df=2), P<0.05 *. (C) WB was used to detect changes in EMT-associated proteins between the sh-
STEAPI group and the control group in Hep3B cells. (D) Bar graphs depict the expression differences of EMT-related proteins in Hep3B cells between the sh-STEAPI group
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was used to detect changes in the expression of Wnt pathway-associated proteins following knockdown of STEAPI in Hep3B cells. (J) Quantitative analysis of Wnt-
associated proteins in Hep3B cells. Data: mean * SD (n=3). Stats: independent samples t-test (df=2), P<0.05 *.
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prognosis in lung cancer through bioinformatics analysis, suggesting its potential as a prognostic marker for lung
cancer.>>* Some studies have proven that STEAPI is associated with the proliferative ability of HCC cell lines."
However, the specific biological role and underlying regulatory mechanism of STEAP1 in malignant tumors, particularly
in HCC, remain largely elusive.***> These investigations have inspired us to further explore the biological functions and
underlying mechanisms of STEAP1 in HCC. Our study primarily focuses on the regulatory role of STEAPI in the
invasion and migration of HCC cells, with findings validated by complementary in vivo experiments and potential
mechanisms proposed herein. Thus, our research possesses distinct novelty and originality. Additionally, our data indicate
that high STEAP1 expression may serve as a biomarker for poor prognosis in HCC patients. Consistently, STEAP1
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Figure 5 STEAPI| promotes HCC invasion and migration by activating the Whnt signaling pathway. (A-D) Scratch wound assay was performed to assess the migratory
capacity of HuH7 (A and B) and Hep-3B (C and D) cells treated with sh-STEAP| and Wnt/B-catenin agonist 2 for 48h. Data: mean * SD (n=3). Stats: One-way ANOVA +
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LSD-t test (df=6), P<0.05*.
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knockdown was shown to effectively inhibit the proliferation and migration of HCC cells, which further corroborates the
conclusions of previous relevant studies.

The epithelial-mesenchymal transition (EMT) plays a crucial role in the metastasis of malignant tumor cells.***” To
further explore the functional mechanism of STEAP1 in HCC, we focused our research on EMT. Our results confirmed
that STEAP1 can inhibit EMT in HCC, thereby promoting HCC metastasis.

Through transcriptomic and bioinformatics analyses, we found that the knockdown of STEAP1 modulates down-
stream effects of the WNT/B-catenin pathway, a critical pathway in tumorigenesis and tumor development. The WNT/B-
catenin pathway, a conserved and traditional signaling pathway, regulates cell proliferation and differentiation.?'** The
activation of the WNT signaling pathway is linked to adverse outcomes in various cancers, including hepatocellular
carcinoma, cholangiocarcinoma, breast cancer, and stomach cancer. Extensive research findings indicate that inhibiting
the activation of the WNT pathway significantly diminishes the proliferation and metastasis of HCC, resulting in
improved outcomes.

We treated HCC cell lines with Wnt/B-catenin agonist 2, a selective activator of the canonical Wnt/B-catenin signaling
pathway.*® Our results demonstrated that Wnt/B-catenin agonist 2 restored the invasive and migratory capacities of HCC
cells impaired by STEAP1 knockdown. This indicates that STEAP1 promotes the malignant biological behaviors of HCC
by activating the Wnt signaling pathway. Furthermore, our findings revealed a significant downregulation of the Wnt
signaling pathway following STEAP1 silencing. STEAP1 may indirectly regulate the Wnt/B-catenin pathway, and there
might exist an undiscovered mediator between them. To identify the direct interacting molecules of STEAPI, further
screening experiments based on mass spectrometry are required.

Bispecific T-cell engagers (BiTEs) and other novel T-cell immunotherapies are emerging as promising therapeutic
strategies for cancer. It has been suggested that STEAP1 may play a potential role in immunotherapy for prostate
cancer.’”** Inflammatory responses and lipid peroxidation also play a crucial role in the initiation and progression of
HCC. Studies have demonstrated that modulation of the Thl17/Treg axis can reduce the risk of recurrence after
hepatectomy for HCC, which underscores the pivotal role of immune factors in the development and progression of
HCC.*"**? A recent Raw Letter Analysis article on the prognosis of HCC based on the STEAP family suggests that the
unique characteristics of STEAP may serve as a valid prognostic indicator for HCC and could be linked to tumor immune
dysfunction in HCC.** However, the specific mechanism by which STEAP] is associated with immunotherapy for HCC
awaits further investigation.

Although our data demonstrate that STEAP1 promotes HCC progression via the Wnt/B-catenin pathway, several
limitations should be noted for clinical translation. First, tumor heterogeneity causes variable STEAP1 expression
across HCC patients, with low-expression tumors showing intrinsic resistance to targeted therapy; dynamic STEAP1
downregulation may also induce acquired resistance. Second, our preclinical data from cell lines and xenograft
models do not fully recapitulate the clinical HCC microenvironment, lacking validation in PDX or organoid models.
STEAPI1 targeting offers multiple clinical prospects. First, combination therapy with first-line agents (sorafenib,
lenvatinib) or PD-1/PD-L1 inhibitors may synergistically enhance anti-tumor efficacy by reversing immunosuppres-
sion via Wnt/B-catenin pathway modulation. Second, theranostic integration could be achieved via STEAP1-specific
probes for early screening and intraoperative localization, plus targeted nanocarriers for precise drug delivery. Third,
patient stratification using STEAP1 expression combined with B-catenin biomarkers may identify the subset most
likely to benefit from targeted therapy.

In conclusion, our study suggests that STEAP1 promotes HCC proliferation and metastasis in vitro and in vivo via the
Whnt/B-catenin signaling pathway.
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