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WIPF1 promotes gastric cancer progression
by regulating PI3K/Akt signaling in a myocardin-
dependent manner

Fei Su,1,2,8 Ruowen Xiao,2,8 Rui Chen,1,2,8 Tianning Yang,1,2,8 Danwen Wang,3,4,5 Xinni Xu,6 Xiaoming Hou,2

Quanlin Guan,1,7,9,* and Maohui Feng3,4,5,*

SUMMARY

Wiskott–Aldrich syndrome protein-interacting protein family member 1 (WIPF1) is associated with malig-
nant tumor progression. However, molecular links betweenWIPF1 and gastric cancer (GC) remain elusive.
The expression ofWIPF1was detected inGC tissues and cells.WIPF1was overexpressed inGC tissues and
cells and high expression of WIPF1 was an independent risk factor for a poor prognosis in patients with
GC. Further experiments indicated that WIPF1 promoted the proliferation, invasion, and migration of
GC cells in vivo and in vitro. WIPF1-regulated genes were closely related to cell proliferation and migra-
tion inGC, and silencingWIPF1 significantly repressed PI3K/AKT signaling pathway activation.WIPF1was
activated by myocardin (MYOCD) translation. Rescue experiments confirmed that MYOCD promotes the
proliferation, invasion, and migration of GC cells in a WIPF1-dependent manner and activates the PI3K/
AKT signaling pathway. MYOCD may transactivate WIPF1 and facilitate GC cell growth and metastasis
by activating the PI3K/AKT signaling pathway.

INTRODUCTION

Gastric cancer (GC) is the fourth leading cause of cancer-related deathworldwide. There were 1.08million new cases of GCworldwide in 2021,

accounting for 5.6% of all new cancers, and there were about 0.76million deaths due toGC, accounting for 7.7% of all cancer deaths.1,2 Due to

a lack of diagnostic markers for early GC, a large proportion of patients are diagnosed with advanced GC. Although treatment can be

improved by surgery, targeted therapy, chemotherapy, radiotherapy, and immunotherapy, the 5-year survival rate is only 10–30% in patients

with advanced GC.3,4 Therefore, it is important to study the molecular mechanisms underlying GC tumorigenesis and progression to identify

candidate molecular biomarkers for the diagnosis and treatment of GC.

Wiskott–Aldrich syndrome protein-interacting protein family member 1 (WIPF1) plays an oncogenic role in the regulation of cancer inva-

sion and metastasis of cancer.5 WIPF1 is upregulated in breast, glioma, thyroid, and colorectal cancer.6,7 LowWIPF1 expression is associated

with a better prognosis in colorectal cancer and glioma.6 One study reported that the long noncoding RNA HCG18 upregulates WIPF1 by

inhibiting miR-141-3p in GC.8 However, the specific mechanisms underlying WIPF1-mediated GC progression remain unclear.

Multiple studies have shown that gene set enrichment analysis (GSEA) can be used to identify functional pathways.9,10 Increasing evidence

indicates that the PI3K/AKT signaling pathway participates in cell proliferation, metastasis, apoptosis, autophagy, epithelial-mesenchymal

transition (EMT), and chemoresistance in different cancer types.11 Epigenetic regulatory mechanisms may contribute to the regulation of

PI3K/AKT signaling.12,13 Myocardin (MYOCD) functions as a potent transcription factor in the myocardium and smooth muscles. It promotes

the activation of cardiac reporter vectors and enhances the expression of cardiac-specific genes.14 Upregulation of MYOCD increases EMT

and cell invasion induced by TGF-b in non-small cell lung cancer.15 However, the potential role and mechanism of action of MYOCD in GC

tumorigenesis and progression requires further clarification.

In this study, it was demonstrated that WIPF1 increases the proliferation and migration of GC cells in vitro and promotes GC growth and

metastasis in vivo by activating PI3K/AKT signaling. Moreover, bioinformatics analysis and subsequent experiments confirmed that MYOCD
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transactivatedWIPF1 expression. Additionally, WIPF1 is necessary for MYOCD to promote themalignant phenotype of GC cells by activating

the PI3K/AKT signaling pathway, suggesting that the MYOCD/WIPF1/PI3K/AKT axis may contribute to the onset and development of GC.

RESULTS

A proteomics study identified Wiskott–Aldrich syndrome protein-interacting protein family member 1 as an oncogenic

protein in gastric cancer

To unveil the potentially pivotal oncogenic proteins that play important roles in the tumorigenesis and progression of GC, proteomic data

were carefully analyzed (Figures 1A–1C). Significantly upregulated proteins in GC and adjacent normal tissues are shown in red and blue,

respectively, in a volcano plot (Figure 1A). A heatmap shows the 741 significantly differentially expressed proteins (DEPs). Blue represents

downregulated proteins while red represents upregulated proteins in the GC tissues (Figure 1B). Gene Ontology (GO) analysis showed

that the top 20 DEPs were related tometabolic pathways, mainly focusing on oxidation-reduction (Figure 1C). Themost upregulated protein,

Figure 1. Screening and identification of WIPF1

(A) WIPF1 were identified in primary gastric tumors and adjacent normal tissues through a proteomics study of 10 paired primary gastric tumors and adjacent

normal tissues (volcano plot).

(B) heatmap.

(C) The results of GO analysis using DEPs in primary gastric tumor and adjacent normal tissues are shown. The size of the circles represents the protein numbers in

each GO term and the color represents the –log10 p value.

(D) The protein level of WIPF1 was detected in GC cell lines (BGC823, MGC803, MKN45, and AGS) and GES-1 by Western blot assay.

(E) WIPF1 expression was detected in 10 pairs of GC and adjacent normal tissues by Western blot assay.
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WIPF1, was selected for further analysis. Although several studies have reported the essential role of WIPF1 in GC, its precise molecular and

cellular regulatory networks remain poorly understood. Here, it was found that WIPF1 was highly expressed in GC cell lines and GC tissues

compared to GES-1 cells or the corresponding adjacent tissues (p < 0.05; Figures 1D and 1E). These results demonstrate that WIPF1 may act

as an oncogene in GC.

Independent validation of the prognostic value of Wiskott–Aldrich syndrome protein-interacting protein family member 1

in gastric cancer by tissue microarray-based immunohistochemistry

To explore the prognostic value of WIPF1, tissue microarray (TMA)-based immunohistochemistry (IHC) was performed on 90 paired GC and

adjacent tissues. The IHC results showed thatWIPF1wasmainly localized in the cytosol of GC cells (Figure 2A). IHC scores revealed thatWIPF1

expression was higher in GC tissues than in adjacent tissues. It was also found thatWIPF1 expression was lower in stage N0 than in stages N1/

N2/N3, and was lower in stages I/II than in stages II/IV (Figure 2B). HighWIPF1 expression was closely associated with lymph node status and

TNM stage in patients with GC (Table 1). High expression of WIPF1 was correlated with poor overall survival in patients with GC (p = 0.006,

Figure 2C). Univariate and multivariate analyses indicated that WIPF1 was a significant independent prognostic factor of GC (Figure 2D).

Taken together, the results showed that WIPF1 is highly upregulated in GC, and its high expression is closely associated with a poor

prognosis.

Wiskott–Aldrich syndrome protein-interacting protein familymember 1 knockdown suppressed the growth andmetastasis

of gastric cancer cells in vitro

To identify the biological effects ofWIPF1 on the characteristics of GC cells in vitro, the expression ofWIPF1 was knocked down using RNAi in

AGS and MKN45 cells and the expression of WIPF1 was upregulated by transfecting BGC823 cells with overexpressed WIPF1 (O-WIPF1) or

the constructed vector. Transfection efficiency was confirmed by western blotting. The results indicated that sh-WIPF1#2 and sh-WIPF1#3

effectively inhibited the expression of WIPF1, while O-WIPF1 markedly upregulated the expression of WIPF1 (Figure 3A). Under these knock-

down or overexpression conditions, the proliferation, invasiveness, and migration of AGS, MKN45, and BGC823 cells were evaluated using

the CCK8 assay, 5-ethynyl-20-deoxyuridine (EdU) staining, Transwell assay, and wound-healing assay, respectively. The CCK8 assay indicated

thatWIPF1 knockdown significantly attenuated the proliferative ability of AGS andMKN45 cells, whereas overexpression ofWIPF1 promoted

the proliferative ability of BGC823 cells (Figure 3B). EdU staining indicated that WIPF1 knockdown significantly reduced the proportion of

Edu-positive AGS and MKN45 cells, whereas WIPF1 overexpression increased the proportion of Edu-positive BGC823 cells (Figure 3C).

Furthermore, WIPF1 knockdown suppressed the invasiveness and migration of AGS and MKN45 cells compared to sh-Ctrl, whereas

WIPF1 overexpression markedly promoted the invasion and migration of BGC823 cells (Figures 3D and 3E). In summary, these results indi-

cated that WIPF contributes to GC progression in vitro.

Wiskott–Aldrich syndrome protein-interacting protein family member 1 knockdown suppressed the tumor growth of

gastric cancer cells in vivo

To further investigate the potential function of WIPF1 in vivo, MKN45 cells infected with sh-Ctrl or sh-WIPF1 lentivirus were subcutaneously

injected into the armpits of nude mice to construct an orthotropic xenograft model of GC. Chemiluminescent imaging results showed that

WIPF1 knockdown significantly inhibited tumor growth at weeks two and five, and that it significantly reduced tumor volume and weight

compared to sh-Ctrl (Figures 4A and 4B). Similarly, IHC results further validated that WIPF1 knockdown reduced Ki67 protein expression

in mouse GC tumor tissues (Figure 4C). Next, a nude mouse model of lung metastasis was established by tail vein injection of tumor cells

into the sh-Ctrl and sh-WIPF1 groups (Figure 4D). Chemiluminescent imaging results showed that WIPF1 knockdown significantly inhibited

tumor metastasis compared to the sh-Ctrl-treated group (Figures 4D and 4E). Hematoxylin and eosin (H&E) staining of tumor nodules

confirmed tumor metastasis (Figure 4F). Based on these results, it was concluded that WIPF1 knockdown exerted repressive effects on the

tumor growth and lung metastasis of GC in vivo.

Wiskott–Aldrich syndrome protein-interacting protein family member 1 promoted GC progression through the PI3K/AKT

signaling pathway

To elucidate the regulatory network mediated by WIPF1 in the malignant process of GC, GO analysis was performed and a heatmap was

constructed to interpret the differentially expressed genes (DEGs) upon WIPF1 knockdown in MKN45 cells. Upregulated genes are shown

in red and downregulated genes are shown in blue (Figure 5A). GOwas used to analyze the biological processes highly associated with these

DEGs, which were mainly involved in cell migration and extracellular matrix organization (Figure 5B). Moreover, GSEA results showed that

signal transduction by the tumor suppressor p53 was most significantly enriched upon WIPF1 knockdown compared to the vector control

(Figure 5C). Genes with low expression upon WIPF1 knockdown were mainly enriched in cell-substrate adhesion and extracellular structure

organization (Figure 5D). These results further confirmed that WIPF1 is closely related to the malignancy of GC. Furthermore, WIPF1 was en-

riched in the HALLMARK PI3K/AKT signaling pathway, and Western blot analysis verified that WIPF1 activated the PI3K/AKT signaling

pathway (Figure 5E). Based on these results, it was preliminarily elucidated that WIPF1 promotes GC by activating the PI3K/AKT signaling

pathway.
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Myocardin promotes the transcription ofWiskott–Aldrich syndrome protein-interacting protein family member 1 in gastric

cancer

To explore the upstream regulators of WIPF1 in GC, the translation factor of the WIPF1 promoter was analyzed using ChIP-seq. H3K4me3,

MYC, BRD4,MYOCD,MAX, ASXL3, BRD2, CREB1, and E2F6 were also predicted (Figure 6A). The correlation betweenWIPF1 and the expres-

sion of the above transcription factors in GC was further analyzed using The Cancer Genome Atlas (TCGA) data. Notably, the correlation be-

tween the expression of MYOCD and WIPF1 was highest in GC (Figure 6B). Immunofluorescence (IF) staining indicated that MYOCD was

mainly localized in the nuclei of GC cells, and WIPF1 was predominantly localized in the cytoplasm of GC cells (Figures 6C and 6D). qPCR

Figure 2. High expression of WIPF1 was related to an unfavorable outcome in GC

(A) WIPF1 expression was detected by IHC assay in GC and paired adjacent tissues.

(B) The IHC score of WIPF was statistically constructed in GC tissues and adjacent tissues, the N0 and N1/N2/N3 stage, and Stage I/II and Stage III/IV of GC.

(C) Curves of overall survival in GC. The relationship between WIPF1 high-/low-expression and overall survival in GC patients (log rank test: p = 0.006).

(D) Cox regression model as well as univariate and multivariate analysis of independent risk factors in patients with GC.
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andWestern blot assays indicated thatMYOCD knockdown reducedWIPF1 expression in GC cells, and overexpression of MYOCD facilitated

the expression of WIPF1 in GC cell lines (Figures 6E and 6F). To further validate the binding sites of MYOCD in the proximal promoter of

WIPF1, ChIP-qPCR was performed using ChIP-grade MYOCD antibodies in AGS and BGC823 GC cell lines. The results revealed that

compared to the isotope IgG control, MYOCD directly bound to the promoter of WIPF1 but did not bind to the negative region (Figure 6G).

The results of the dual-luciferase reporter gene assay confirmed that the MYOCD protein directly bound to the WIPF1 promoter region (Fig-

ure 6H). Therefore, it was concluded that MYOCD directly bound to the proximal promoter of WIPF1 and activatedWIPF1 expression in GC.

Myocardin is necessary for Wiskott–Aldrich syndrome protein-interacting protein family member 1 to promote gastric

cancer processes

To identify the biological effects of MYOCD on the characteristics of GC cells in vitro, MYOCD expression was knocked down by transfecting

AGS and MKN45 cells with sh-MYOCD, sh-MYOCD + O-WIPF1, or the control constructs. The proliferation, invasiveness, and migration of

AGS andMKN45 cells were evaluated using the CCK8 assay, EdU staining, Transwell assay, and wound-healing assay, respectively. The CCK8

assay indicated that MYOCD knockdown significantly reduced the proliferative ability of AGS andMKN45 cells, and overexpression of WIPF1

reversed these effects (Figure 7A). EdU staining indicated that MYOCD knockdown significantly reduced the proportion of EdU-positive AGS

and MKN45 cells, whereas WIPF1 overexpression reversed the proportion of sh-MYOCD-positive cells (Figure 7B). In addition, MYOCD

knockdown suppressed the invasion and migration of AGS and MKN45 cells compared to sh-Ctrl, while WIPF1 overexpression markedly

reversed the invasion and migration of sh-MYOCD cells (Figures 7C and 7D). Through in vivo rescue studies, it was also demonstrated

that overexpression of WIPF1 could reverse the tumor growth inhibition caused by MYOCD knockdown (Figures 8A–8D). Western blot anal-

ysis indicated that MYOCD knockdown suppressed the protein levels of p-PI3K and p-AKT. WIPF1 overexpression markedly reversed the ef-

fect of sh-MYOCD on PI3K/AKT signaling pathway protein levels (Figure 7E). To further verify the role of MYOCD in the GC process through

the activation of the PI3K/AKT signaling pathway, a subcutaneous tumor formationmodel ofMYOCDoverexpressionwas constructed in nude

mice. The tumors of nude mice were then treated with LY294002. Consistent with the expected results, LY294002 partially suppressed exces-

sive tumor growth following MYOCD overexpression (Figures 8A–8D). This indicated that MYOCD activates the PI3K/AKT signaling pathway

Table 1. Correlation between WIPF1 expression and clinicopathological characteristics

Variables

WIPF1 expression

Total c2 p-valueLow (n = 24) High (n = 66)

Age (year) 0.417 0.518

<60 9 (37.5) 20 (30.3) 29

R60 15 (62.5) 46 (69.7) 61

Sex 1.023 0.312

Female 10 (41.7) 20 (30.3) 30

male 14 (58.3) 46 (69.7) 60

Tumor size 0.877 0.349

<5cm 9 (37.5) 18 (27.3) 27

R5cm 15 (62.5) 48 (72.7) 63

Grade stage 1.790 0.181

I/II 3 (12.5) 17 (25.8) 20

III/IV 21 (87.5) 49 (74.2) 70

TNM stage 4.574 0.032

I/II 11 (45.8) 15 (22.7) 26

III/IV 13 (54.2) 51 (77.3) 64

T stage 0.395 0.530

T1/T2/T3 17 (70.8) 51 (77.3) 68

T4 7 (29.2) 15 (22.7) 22

N stage 5.448 0.020

N0 12 (50.0) 16 (24.2) 28

N1/N2/N3 12 (50.0) 50 (75.8) 62

M stage 0.368 0.544

M0 24 (100.0) 65 (98.5) 89

M1 0 (0) 1 (1.5) 1

ll
OPEN ACCESS

iScience 26, 108273, November 17, 2023 5

iScience
Article



ll
OPEN ACCESS

6 iScience 26, 108273, November 17, 2023

iScience
Article



in GC. Based on the results of the in vivo and in vitro studies, it is possible that WIPF1 promotes GC progression by regulating PI3K/Akt

signaling in an MYOCD-dependent manner.

DISCUSSION

GC is one of the most commonmalignant cancers in humans and its incidence ranks second in China and fifth globally.16 With improvements

in living standards and acceleration of the pace of life, the incidence and mortality of GC are increasing, especially in younger individuals.17

Therefore, there is an urgent need to identify biomarkers of GC in fundamental and clinical research. In the last few years, bioinformatics anal-

ysis, especially proteomics studies, has gained increasing attention in cancer research. Proteomics studies of GC provide insights into the

biology of this cancer and suggest opportunities for personalized therapies that target it. In the present study, it was found that upregulated

WIPF1 protein was a significant independent prognostic factor for GC and promoted GC growth and progression. Mechanistically, MYOCD

transactivated WIPF1 and activated the PI3K/AKT signaling pathway in GC cells. These results establish MYOCD/WIPF1/PI3K/AKT axis

involved in the growth and progression of GC.

WIPF1 is involved in actin cytoskeleton organization and polymerization and is related to cell proliferation and invasion.18,19 Although

several dysregulated functions of WIPF1 have been identified in GC, further exploration is necessary to uncover the additional mechanisms.8

A previous TCGA analysis showed that WIPF1 acts as a prognostic biomarker in patients with colorectal cancer, breast cancer, and glioma.6

Furthermore, in this study, bioinformatics analysis, including proteomics analysis, revealed that WIPF1 was overexpressed in GC, resulting in

deregulated DEPs that were highly associated with metabolic pathways. GO analysis showed that these DEPs almost converged during the

oxidation-reduction process. Taken together, these results demonstrate that WIPF1 is an oncogenic protein in GC and participates in many

metabolic pathways, especially the oxidation-reduction pathway. However, the clinicopathological function of WIPF1 in GC remains unclear.

Therefore, it is important to identify the different features ofWIPF1. In this study, TCGA cohort, Western blot assay, and IHC further confirmed

the higher expression of WIPF1 in GC tissues than in the adjacent normal tissues. Interestingly, WIPF1 expression was higher in the advanced

stages of GC. A previous study found that WIPF1 is significantly associated with overall survival in head and neck squamous cell cancer.20

Univariate and multivariate analyses indicated that WIPF1 is a significant independent prognostic factor in patients with GC. Therefore,

the results of this study further demonstrated the oncogenic role of WIPF1 and provided clinicopathological evidence for GC.

Previously, attention has been paid to the pivotal role of WIPF1 in GC because its downregulation and overexpression could lead to harm-

ful effects in vivo and in vitro. The in vitro results showed that WIPF1 knockdown significantly inhibited the proliferation, invasion, and migra-

tion of GC cells. However, the determination of the correlation between WIPF1 and GC requires further in vivo investigation. In a xenograft

nude mouse model, WIPF1 knockdown resulted in a similar phenomenon in GC, and the tumor volume and weight were significantly

decreased. Additionally, WIPF1 knockdown repressed the expression of Ki67 to a very low level and significantly reduced the number of met-

astatic tumors. It was concluded that WIPF1 knockdown exerted repressive effects on the tumor growth and lung metastasis of GC in vivo.

Although these results emphasize the physiological importance of WIPF1 knockdown, the underlying mechanisms remain elusive. In this

study, RNA-seq analysis of MKN45 cells indicated that WIPF1 knockdown led to the identification of 215 DEPs related to cell proliferation

and migration, among which p53 was the most highly expressed gene according to GSEA. Therefore, it is proposed that WIPF1 participates

in the progression and development of GC via the p53 signaling pathway. Further studies are warranted owing to the lack of solid in vivo and

in vitro evidence.

The PI3K/AKT signaling pathway promotes the proliferation, invasion, migration, and EMT of cancer cells, as confirmed by previous

studies. In this study, the molecular mechanisms by which WIPF1 plays an oncogenic role in GC were investigated. PI3K/AKT was identified

as the major downstream signaling pathway underlying the oncogenic role of WIPF1 in GC. Knockdown of WIPF1 inhibited the phosphory-

lation of PI3K andAKT proteins and downregulated the PI3K/AKT signaling pathway.WIPF1, thus, promotesGCprogression by activating the

PI3K/AKT signaling pathway.

MYOCD is a key regulator of a variety of cellular functions and acts as a potent transcriptional factor that regulates gene expression in the

myocardium and smooth muscle.21,22 It was found that MYOCD directly bound to the proximal promoter of WIPF1 and activated the expres-

sion of WIPF1 in GC. Furthermore, WIPF1 is necessary for MYOCD to promote the malignant phenotype of GC cells by activating the PI3K/

AKT signaling pathway.

Figure 3. WIPF1 knockdown suppressed the growth and metastasis of GC cells in vitro

(A) Western blot analysis of the transfection efficiency of sh-WIPF1#1/#2/#3 in AGS and MKN45 cell lines and the transfection efficiency of overexpressed

(O)-WIPF1 in BGC823.

(B) The proliferative ability of AGS andMKN45 cells infected with sh-Ctrl or sh-WIPF1 and BGC823 cells infected with empty vector O-WIPF1 were determined by

CCK8 assay respectively.

(C) Detection of AGS, MKN45, and BGC823 cell proliferation in each group using EdU staining. The EdU-labeled cell is shown with red fluorescence and DAPI

staining is shown with blue fluorescence in the cell nucleus.

(D) The cell invasion ability of AGS and MKN45 cells infected with sh-Ctrl or sh-WIPF1, and of BGC823 cells infected with the empty vector O-WIPF1, was

evaluated by Transwell assay.

(E) A wound-healing assay measured the migration of AGS, MKN45, and BGC823 cells at 0 and 24 h. *p < 0.05, **p < 0.01.
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Limitations of the study

This study had some limitations, and further evidence is needed to confirm the conclusions of the bioinformatics analysis. Here, the oncogenic

role ofWIPF1 in the initiation, progression, and prognosis of GCwas identified. AbundantWIPF1 expression was associatedwith a poor prog-

nosis and poor survival in patients with GC. It was found that WIPF1 knockdown significantly inhibited the proliferation, invasion, and migra-

tion of GC cells. This mechanism was further validated by various bioassays in a xenograft nude mouse model, and WIPF1 knockdown signif-

icantly predicted tumor weight and lung metastasis; however, only a slight weight gain was observed according to the findings of this study.

WIPF1 promoted GC progression by activating the PI3K/AKT signaling pathway. In the upstream regulatory network, WIPF1 was found to be

Figure 4. WIPF1 knockdown suppressed the tumor growth of GC cells in vivo

(A) The nude mouse model and subcutaneous tumors in the sh-Ctrl group (upper panel) and sh-WIPF1 group (lower panel) at 2 and 5 weeks. The tumor volume

was statistically analyzed from weeks one to five.

(B) The tumor weight was statistically analyzed and plotted in columns.

(C) IHC analysis was performed to determine the protein expression of Ki67 in tissues of the sh-Ctrl and sh-WIPF1 groups.

(D) The nude mouse model of lung metastasis was established by the tail vein injection of tumor cells in the sh-WIPF1 group.

(E) The number of tumor nodules on the lung surface was statistically analyzed in the sh-Ctrl and sh-WIPF1 groups.

(F) H&E staining of tumor nodules. *p < 0.01.
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transactivated byMYOCD in GC cells. The findings of this study suggest that MYOCD-transactivatedWIPF1 promotes GCgrowth andmetas-

tasis via the activation of the PI3K/AKT signaling pathway, highlighting WIPF1 as a potential prognostic biomarker in the treatment of GC.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Clinical samples

B Animals

d METHOD DETAILS

B Proteomics study and DIA mass spectrometry

B Bioinformatics analysis

B Cell culture

B Cell transfection

B CCK8 assay

B EdU assay

B Transwell assay

B Wound healing assay

B Xenograft assay

B H&E staining and IHC

Figure 5. WIPF1 regulated genes related to cell proliferation and migration in GC

(A) The heatmap shows the DEGs in MKN45 cells with or without WIPF1 knockdown.

(B) GO analysis of DEGs upon WIPF1 knockdown. The details of this result were demonstrated by the enrichment analysis.

(C) GSEA in MKN45 cells with WIPF1 knockdown. Genes related to signal transduction by a p53 class mediator and an intrinsic apoptotic signaling-mediated

pathway by p53 class mediator were enriched for genes highly expressed upon WIPF1 knockdown.

(D) Genes related to the regulation of cell substrate adhesion and extracellular structure organization showed low expression upon WIPF1 knockdown.

(E) The PI3K/AKT signaling pathway was enriched in theWIPF1 regulated function based on TCGAdatabase analysis. Western blot analysis was used to verify that

WIPF1 activated the PI3K/AKT signaling pathway.
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B RNA sequencing and analysis

B Bioinformatics analyses

B qPCR

B Western blot

Figure 6. WIPF1 expression was activated by MYOCD translation

(A) The translation factor of the WIPF1 promoter were analyzed by ChIP-seq analysis.

(B) The linear correlation between MYC, BRD4, MYOCD, MAX, ASXL3, BRD2, CREB1, and E2F6 and the mRNA expression of WIPF1 were plotted by Pearson

regression analysis.

(C) IF double staining was used to detect the localization of MYOCD and WIPF1 in GC cells.

(D) IF double staining was used to detect the localization of MYOCD and WIPF1 in GC tissues.

(E) The mRNA expression of WIPF1 was detected in AGS and MKN45 cells treated with sh-MYOCD and in BGC823 cells treated with the overexpression of

MYOCD.

(F) Western blot analysis of the protein level of MYOCD and WIPF1 in AGS and MKN5 cells treated with sh-MYOCD and in BGC823 cells treated with the

overexpression of MYOCD.

(G) A ChIP-PCR assay was used to confirm that MYOCD protein directly bound to the WIPF1 promoter region.

(H) Dual luciferase reporter gene experiment.
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Figure 7. WIPF1 was necessary for MYOCD to promote GC cell proliferation, invasion, and migration by activating the PI3K/AKT signaling pathway

(A) The proliferative ability of the AGS and MKN45 cells infected with sh-Ctrl, sh-MYOCD, or sh-MYOCD + O-WIPF1 was determined by CCK8 assay.

(B) Detection of AGS and MKN45 cell proliferation in each group using EdU staining. The EdU-labeled cell showed red fluorescence, and DAPI staining showed

blue fluorescence in the cell nucleus.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-WIPF1 Santa Cruz Cat#sc-390099;RRID:AB_1152991

Mouse monoclonal anti- MYOCD Santa Cruz Cat#sc-518132;RRID:AB_11424149

Rabbit monoclonal anti-total Akt Proteintech Cat#60203-2-Ig; RRID:AB_91578

Rabbit monoclonal anti-p-Akt Proteintech Cat#80455-1-RR;RRID:AB_2315049

Rabbit monoclonal anti-PI3K Proteintech Cat#67071-1-Ig;RRID:AB_10008352

Mouse monoclonal anti- p-PI3K Thermo Scientific Cat#PA5-104853;RRID:AB_10789447

Rabbit monoclonal anti-Ki67 Abcam Cat#ab279653;RRID: AB_2756525

Chemicals, peptides, and recombinant proteins

BCA Thermo Scientific Cat#23227

Lipofectamine 3000 Reagent Thermo Scientific Cat#L3000015

Plasmid RiboBio Cat#PPRO1001

CCK8 kit Dojindo Cat#CK04

EdU reagent Abbkine Cat#KTA2031

4% polymerized formaldehyde solution Sigma-Aldrich Cat#50-00-0

DAPI Sigma-Aldrich Cat#10236276001

TRIzol reagent Thermo Scientific Cat#15596018

Deposited data

GSM1250896 GEO - Gastric Cancer https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSM1250896

GSM2359448 GEO - Gastric Cancer https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSM2359448

GSM2825420 GEO - Gastric Cancer https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSM2825420

Experimental models: Cell lines

Gastric cancer cell line AGS Shanghai Fuheng Biotechnology Co., Ltd FH0261

MKN45 Shanghai Fuheng Biotechnology Co., Ltd FH0260

MGC803 Shanghai Fuheng Biotechnology Co., Ltd FH0275

BGC823 Shanghai Fuheng Biotechnology Co., Ltd FH0263

Experimental models: Organisms

Nude mice Ziyuan Laboratory Animal Science and Technology N/A

Software and algorithms

SPSS software SPSS Inc. Version 18.0

Prism GraphPad Software Version 8.0.0

Image J NIH RRID:SCR_003070

Biological samples

Gastric cancer tissue and normal

paracancerous tissue

The First Hospital of Lanzhou Universit N/A
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RESOURCE AVAILABILITY

Lead contact

The relevant experimental reagents, experimental methods and related data of this study can be obtained by contacting Quan-lin Guan.(e-

mail:guanql@lzu.edu.cn).

Materials availability

The study did not generate new unique reagents.

Data and code availability

� The ChIP-seq data can be found at the following GEO,The accession number is listed in the key resources table. The RNA-seq data can

be found at the following SRA database (PRJNA1021699,https://www.ncbi.nlm.nih.gov/sra/PRJNA1021699), and the mass spectrom-

etry proteomics data have been deposited to the ProteomeXchange Consortium via the iProX partner repository with the data-

set(PXD045944,https://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD045944).
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical samples

The Clinical samples used in the experiment were derived from the First Hospital of Lanzhou university. Experiments with TMA were derived

from Shanghai OutdoBiotechCo., In this study, we included a total of 100 patients with gastric cancer, aged 40–85 years, with no restriction on

gender, ancestry, race or ethnicity or socioeconomic information, withmatched gastric and paracancerous tissue samples, none of whomhad

received radiotherapy or chemotherapy, and no other cancer co-morbidities. The study was approved by the ethics committee of the First

Hospital of LanzhouUniversit (LDYYLL2019-84)and the ethics committee of Shanghai Outdo Biotech Co., Ltd (No. SHYJS-CP-1710001). All the

patients provided written informed consent.The study was conducted according to the principles expressed in the Declaration of Helsinki.

Animals

Six-week-old male nude mice weighing 16–18 g were purchased from the Shanghai Laboratory Animals Center (SLAC; Shanghai, China) and

cultured in a warm and moist-specific pathogen-free room with a 12 h light/dark cycle as well as ample food and water. This study was

approved by the Ethics Committee of the First Hospital of Lanzhou University(LDYYLL2019-84).

METHOD DETAILS

Proteomics study and DIA mass spectrometry

Tissue samples were rinsed with Tris-sucrose, triturated, and lysed in tissue lysis buffer as described previously.23 The tissues were sonicated

using a Biorupter Pico sonication device (Diagenode, Liege, Belgium). Total protein was collected via ultracentrifugation at 12,000 3 g for

10 min at 4�C, and the protein concentration was measured using a BCA assay (Thermo Scientific, California, USA).

Bioinformatics analysis

Gene expression was determined using HTSeq count, and DEGs were identified using DESeq2. GO analysis was performed using the Data-

base for Annotation, Visualization and Integrated Discovery, and GSEA was conducted using GSEA software (https://www.gsea-msigdb.org/

gsea/index.jsp).24,25 Enrichment plots were generated and WIPF1 expression in normal and GC samples was compared. Samples were

divided into high- and low-expression groups (median) and survival was analyzed using the log rank test. GO and Kyoto Encyclopedia of

Genes and Genomes (KEGG) enrichment analyses were performed using the topGO (version 2.42.0) and KEGGREST (version 1.30.1) pack-

ages in R.

Cell culture

Human GC cell lines (AGS, MGC803, MKN45, and BGC823) and the gastric epithelial cell line GES-1 were maintained in Dulbecco’s modified

Eagle’s medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Corning, New York, NY, USA) and 1% penicillin

and streptomycin (Thermo Scientific, California, USA). The cells were incubated in a humidified incubator with 5% CO2 at 37
�C. Mycoplasma

contamination was removed from all cell lines.

Cell transfection

Cells at 75–80% confluency were transfected with sh-Ctrl, sh-WIPF1#1, sh-WIPF1#2, and sh-WIPF1#3; control vector and WIPF1 expression

plasmid; sh-Ctrl and sh-MYOCD; and control vector and MYOCD expression plasmid (RiboBio, Guangzhou, China) using Lipofectamine

3000 Reagent (Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, California, USA). Subsequently, the lentivirus was packaged and infected,
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as previously reported.26 The shRNA-targeting sequence was as follows: sh-WIPF1#1, CCATGTGAAGATGAGTGGGAA; sh-WIPF1#2:

CCAATACTGGACAAACCTAAA; and sh-WIPF1#3: CATTCAATCAAGTCCGCACAA.

CCK8 assay

TheCCK8 kit (Dojindo, Kumamoto, Japan) was used tomeasure the proliferation of the AGS,MKN45, and BGC823 cell lines. The cells (23105)

were inoculated into a 6-well plate and transfected. After 48 h, CCK8 solution prepared in advancewas gently added to the culturemediumof

each well. The absorbance was measured at 450 nm using a microplate reader. The proliferative abilities of AGS, MKN45, and BGC823 cell

lines were statistically plotted. Each assay was performed in triplicate.27

EdU assay

The GC cells were transfected according to the experimental group after 48 h; The GC cells were cultured in 96-well cell culture plates for 6 h.

Next, 10 mmol/L EdU reagent (Abbkine) was added to eachwell. The cells were incubated at 37�Cand 5%CO2 for 6 h. The cells were fixedwith

a 4% polymerized formaldehyde solution (Sigma-Aldrich, St. Louis, Missouri, USA) for 45 min. The cells were blocked in PBS containing 3%

bovine serum albumin (BSA), permeabilized in 0.3% Triton X-100 solution for 15 min, and washed with PBS (5 min/time). Nuclei were stained

with 5 mg/L DAPI (Sigma-Aldrich) for 20 min. Finally, staining was observed using fluorescence microscopy. EdU-labeled cells showed red

fluorescence and DAPI-stained nuclei showed blue fluorescence. Imaging software was used to analyze cell proliferation.27

Transwell assay

After 48 h of transfection, AGS, MKN45, and BGC823 cells were harvested using trypsin, resuspended in serum-free medium, and seeded

onto the upper chamber of an 8-mm pore Transwell plate (Corning, USA) coated with Matrigel. DMEM supplemented with 10% fetal bovine

serum was added to the lower chamber. After 24 h, adherent cells in the upper chamber were completely removed using a cell scraper. The

invading cells on the opposite side were fixed with 4% formaldehyde for 10 min. After crystal violet staining, images of these cells were re-

corded using light microscopy (Zeiss Germany, Oberkochen, Germany).27

Wound healing assay

TheGC cell linesMKN45, AGS, and BGC823 were seeded in a 6-well plate (Corning, USA) at a concentration of 53105/mL. Twelve hours later,

the wound on the adherent cells was created by scratching them with a 200-mL pipette tip. The culture medium was then replaced immedi-

ately, and the cells were maintained for another 24 h. The width of the wound scratch was determined at 0 h and 24 h. The migratory ability of

these cells was analyzed routinely.27

Xenograft assay

Six-week-old male nude mice weighing 16–18 g were purchased from the Ziyuan Laboratory Animal Science and Technology (Hangzhou,

China) and cultured in a warm and moist-specific pathogen-free roomwith a 12 h light/dark cycle as well as ample food and water. This study

was approved by the Ethics Committee of the First Hospital of Lanzhou University, and all standards were based on the manufacturer’s in-

structions. MKN45 cells were stably transfected with sh-control, sh-WIPF1, sh-MYOCD, O-MYOCD, or sh-MYOCD + O-WIPF1. In addition,

some nude mice were treated with LY294002 (O-MYOCD + LY294002) on days 7, 14, and 21 after MKN45 cells were inoculated, and the

dosage of LY294002 was 15 mg/kg.28 LY294002 is a commonly used PI3K inhibitor. LY294002 can permeate cells, inhibit PI3K specifically,

and inhibit the PI3K/AKT signaling pathway.29 The xenograft assay was performed as described previously.27

H&E staining and IHC

H&E stainingwas performed on 5 mmparaffin sections using a standardH&E staining protocol. Tissue sampleswere fixed, embedded,cut into

slices, dewaxed, antigen retrieved, incubated with primary antibody, incubated with secondary antibody, DAB stained, hematoxylin stained,

and alcohol denatured.Two experienced pathologists independently reviewed all sections. The IHC score was determined using modified

Histo-score (H-score). The staining intensity and percentage of positive cells were scored as described previously. The final immunoreactive

score was calculated as the staining intensity score3the percentage of positive cells.The expression level of WIPF1 was considered ‘‘low

expression’’ if the immunoreactive score was 0–4 and ‘‘high expression’’ if the score was 5-9.27 The primary antibodies used were anti-

WIPF1 (1:200; Santa Cruz Biotechnology) and anti-Ki67 (1:100; Abcam).

RNA sequencing and analysis

Total RNA was extracted fromMKN45 cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, California, USA) accord-

ing to standard procedures. The mRNA-seq library was constructed using the VAHTS mRNA-seq V2 Library Prep Kit from Illumina (Nanjing,

China). Briefly, 4 mg of total RNA was combined with mRNA capture beads and bound in a PCR cycler. After capturing the mRNA-bead com-

plex, themRNAwas eluted and incubated at room temperature. Frag/prime Buffer was added to resuspend the complex, and themRNAwas

fragmented into 200–300 bp fragments. Next, cDNA strands were synthesized, and a library was constructed and amplified. Sequencing was

conducted on the Illumina NovaSeq platform, raw data were deposited, and GO analysis was used to examine the biological processes,

cellular components, and molecular functions of the DEGs.
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Bioinformatics analyses

The ChIP-seq datasets of MYC, BRD4, MYOCD, andMAX for theWIPF1 regulatory regions in primary GC were obtained from the GEO data-

base (GSM1250896, GSM2359448, and GSM2825420).30,31 Raw data were analyzed using the Fastq-dump algorithm. Bowtie2 software map-

ped fast files to the hg38 reference genome, and the homer suite generated the visualized files. In addition, RNA-seq data for the CG were

obtained from TCGA database to analyze the correlation between the expression of various genes.

qPCR

The expression of WIPF1 in AGS cells, MKN45 cells treated with sh-WIPF1 lentivirus or control, and BGC823 cells treated with O-WIPF1 or

vector was evaluated by qPCR. Briefly, total RNA was extracted using TRIzol reagent. qPCR was performed using the first-strand cDNA syn-

thesized using the HiScript III 1st Strand cDNA Synthesis Kit (+gDNA wiper) and AceQ qPCR SYBR Green Master Mix. Each data point was

analyzed at least in triplicate, and GAPDH was used for internal normalization.Finally, the average of each data point was analyzed using

the 2�DDCt method.27 The forward and reverse primers used were as follows: WIPF1-forward, CGGAGGCGGTGGAAGTTTT and WIPF1-

reverse, CCGTGGATCTCAGCTTCGG.

Western blot

Radio immunoprecipitation assay (RIPA, Beyotime, Shanghai, China) supplemented with protease inhibitors (Beyotime) was used to extract

total protein fromGC cells and tissue samples. Total protein was run on 8-12% SDS/PAGE gels and transferred onto polyvinylidene difluoride

(PVDF) membranes (Millipore, Boston, MA, USA). Subsequently, membranes were blocked with 5% skimmilk and incubated overnight at 4�C
with the primary antibodies. The next day, PVDF membranes were incubated for 2 h at room temperature with appropriate secondary anti-

bodies, and ECL substrate was applied. Images were visualized using a Tianneng automatic chemiluminescence image processing system

(TANO, Shanghai, China).27 The primary antibodies used are summarized in Table S1.

IF staining

Cells or tissues on slides were fixed with paraformaldehyde (4%) and permeabilized with 0.01% Triton X-100 for 15 min. The slides were incu-

bated with primary antibodies anti-PLAUR (1:200, Santa Cruz, sc-13522) or anti-TCF7L2 (1:100, Bioss, bsm-52543R), overnight in a humidified

chamber at 37�C in the dark. Subsequently, cell nuclei were stained with DAPI. The fluorescence distribution and intensity of cells and tissues

were analyzed using a Zeiss LSM880 lasermicroscope (Carl Zeiss AG,Oberkochen,Germany).27 The primary antibodies usedwere anti-WIPF1

(1:200; Santa Cruz Biotechnology USA) and anti-MYOCD (1:200; Santa Cruz Biotechnology).

ChIP-qPCR

In the logarithmic growth phase, 1 3 107 cells were fixed with 1% formaldehyde and decrosslinked with 2.5 M glycine. After washing and

removing the supernatant, cells were lysed and transferred to a centrifuge tube. The nuclear pellet was collected and sonicated, and the su-

pernatant was divided into two samples. MYOCD-specific and control IgG antibodies were added, followed by overnight incubation at 4�C,
magnetic bead incubation, and washing steps. Samples were eluted and purified, and 50 mL of purified product was collected for qPCR

detection.

Dual luciferase reporter assay

WIPF-MUT andWIPF1-WT luciferase plasmids were co-transfected into cells (AGS andMKN45 cell lines) with sh-MYOCD or sh-ctrl using Lip-

ofectamine 3000. A dual-luciferase reporter assay was performed according to the manufacturer’s instructions. After 36 h, the cells were

washed and lysed, and the lysates were added to a 96-well plate. Transcriptional activity was measured using a multifunctional reader,

and the ratio of luciferin to Revilla fluorescence was used for intergroup comparisons.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical data were analyzed using the SPSS software (version 18.0; SPSS Inc., Chicago, Illinois, USA). Continuous variables are expressed

as meanG standard deviation. All data were normally distributed and the variances were equal. Each in vivo and in vitro assay was performed

at least three times. Student’s t-test was used to compare two groups. A p value of less than 0.05 was considered significant.
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