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WNK lysine deficient protein kinase 4 (WNK4) has been shown to be significantly associated with 23 
cancer progression. Nevertheless, its involvement in gastric cancer (GC) is unclear. The objective of 24 
this work was to investigate the WNK4's regulatory mechanism in GC. Quantitative RT-PCR and 25 
immunoblots revealed that WNK4 expression was downregulated in GC and that low expression of 26 
WNK4 was strongly linked to poor prognosis. Functional assays including cell counting kit-8 assay 27 
and colony formation assay demonstrated that overexpression of WNK4 led to limited tumor 28 
proliferation both in vitro and in vivo, while the WNK4 reduction yielded to the opposite results. 29 
Gene Set Enrichment Analysis (GSEA) indicated a potential association between WNK4 and the 30 
signal transducer and activator of transcription (STAT3). WNK4 suppressed the phosphorylation of 31 
signal transducer and activator of transcription 3 (p-STAT3) in GC cells. The inhibition of the 32 
STAT3 pathway with Stattic reversed growth and proliferation induced by WNK4 knockdown in 33 
GC cells. These findings provide new insights for identifying key therapeutic targets for GC in the 34 
future. 35 
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According to the latest GLOBOCAN 2020 data, GC ranked fifth globally in terms of incidence of 40 

malignant tumors [1]. GC patients were typically diagnosed at intermediate or advanced stages, 41 
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resulting in missed opportunities for optimal surgical intervention and unfavorable prognoses. 42 

Despite the availability of comprehensive treatment approaches such as palliative surgery, 43 

radiotherapy, chemotherapy etc., their efficacy remained unsatisfactory [2-4]. Particularly when 44 

compared to the progress made in targeted therapy for advanced lung adenocarcinoma cases over 45 

recent years, patients with advanced GC experienced a lagging prognosis. This can be primarily 46 

attributed to the high heterogeneity of GC and its yet incompletely understood pathogenesis. 47 

Although targeted therapy and immunotherapy had introduced new strategies for treating GC, 48 

overall survival rates for advanced cases had not significantly improved [5, 6]. Therefore, 49 

elucidating the mechanisms behind GC is crucial for optimizing treatment regimens. 50 

STAT3 is a multifunctional molecule engaged in signal transduction and transcriptional activation, 51 

playing crucial roles in inflammation, metabolism, and tumorigenesis [7, 8]. Previous studies had 52 

shown that the IL-6/IL-8/IL-11-mediated JAK-STAT pathway promotes GC growth and invasion 53 

[9-11]. Additionally, Helicobacter pylori (H. pylori) infection activated STAT3 which binds directly 54 

to the TMEFF2 gene promoter region leading to its down-regulation. Simultaneously, TMEFF2 55 

negatively regulated STAT3 activation through SHP-1, thereby promoting GC progression through 56 

this feedback loop [12]. Moreover, SPI1 enhanced the malignant phenotype of GC through 57 

activating the IL6/JAK2/STAT3 signaling pathway [13]. Targeting the STAT3 pathway holds 58 

significant potential for innovative treatment strategies against GC. Costa et al. [14] discovered that 59 

silencing WNK2 kinase activates c-Jun N-terminal kinase (JNK), thus promoting glioma 60 

development. Given the close association between JNK kinase and STAT3 signaling pathway, it 61 

was presumed that WNK2 acted via activating the STAT3 pathway. Consequently, WNK might 62 

played a pivotal role in tumorigenesis. 63 

With-no- lysine (WNK) kinases, a class of serine/threonine protein kinases, were implicated in 64 

various cancer-related signaling cascades, highlighting their multifaceted roles [15, 16]. WNK1 is 65 

implicated in adverse prognosis in hepatocellular carcinoma (HCC) and colorectal cancer (CRC) 66 

[17, 18]. Conversely, silencing of WNK2 correlated with tumor recurrence and inferior overall 67 

survival (OS) in HCC, accompanied by invasion of tumor-associated macrophages [19]. WNK3 68 

potentiates invasiveness in a manner that induces glioma epithelial-to-mesenchymal transition in 69 
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hypoxic conditions [20]. Up-regulation of WNK4 enhanced medulloblastoma cell proliferation and 70 

confers resistance to cisplatin treatment, contributing to poor prognosis [21]. Nevertheless, WNK4 71 

's involvement in GC remains to be explored. 72 

We investigated the influence and manifestation of WNK4 in GC cells and noted that WNK4 73 

operates as a cancer inhibitor in GC. Moreover, downregulation of WNK4 expression augmented 74 

STAT3 pathway activity in GC cells, while inhibition of the STAT3 pathway with Stattic reversed 75 

growth and proliferation induced by WNK4 knockdown in GC cells. These findings suggested that 76 

reduced WNK4 expression promoted the growth of GC cells through activation of the STAT3 77 

signaling pathway, thereby providing a promising direction for GC therapy. 78 

 79 

Materials and methods 80 

Data collection and analysis. In previous work, one hundred gastric cancer tissues and paired 81 

normal tissue specimens were retrieved from our specimen bank of Xuzhou Central Hospital were 82 

mobilized to detect mutations in WNK family genes by targeted sequencing. It was carried out 83 

according to the ethical standards approved by the Ethics Committee of the hospital. To examine 84 

the level of WNK4 in GC, we utilized the Box plot function available in the Gene Expression 85 

Profiling Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/index.html). 86 

Furthermore, the University of ALabama at birmingham CANcer (UALCAN) database platform 87 

(http://ualcan.path.uab.edu/index.html) was utilized to investigate changes in gene expression across 88 

various grades and stages of GC. The immunohistochemistry findings from Human Protein Atlas 89 

(HPA) database. (https://www.proteinatlas.org) provided valuable insights into the expression 90 

patterns of WNK4 in various tissues. To explore the prediction value of WNK4 expression on GC 91 

survival, we downloaded the normalized mRNA expression profiles of GC cohort (N=410) and its 92 

corresponding survival information from https://xena.ucsc.edu/. To carry out survival analysis, the 93 

'survminer' package was applied. In order to identify the most significant survival differences, the 94 

surv_cutpoint function, with a minprop value of 0.1, was utilized to determine the optimal threshold 95 

for grouping. 96 
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Cell lines and cell culture. For this study, we obtained GC cell lines (AGS，HGC27，MKN28， 97 

MKN45，and NCIN87) and the human gastric epithelium cell line (GES-1) from the Cell Resource 98 

Center at the Shanghai Institutes for Biological Sciences, Chinese Academy. Culturing of the cells 99 

involved the RPMI1640 (Biosharp, #BL303A) supplemented with 10% fetal bovine serum (Gibco, 100 

#16000-044) and 1% penicillin/streptomycin (Solarbio, #P1400-100). The cells were incubated at 101 

37 °C with a CO2 concentration of 5% to maintain the optimal growth conditions. 102 

Lentivirus infection. Overexpressing and shRNA lentiviral WNK4 vectors were constructed by 103 

Shanghai GenePharma Co (China). shRNAs for WNK4-1, WNK4-2 or WNK4-3 were inserted into 104 

the pLKO.1 plasmid (Supplementary Table S1). To overexpress WNK4, coding sequences were 105 

inserted into the pLVX-Puro plasmids. In 6-well culture plates, the AGS or MKN45 cells were 106 

seeded individually during their logarithmic growth phase at a density of 5 × 105 cells/well. 107 

Following this, the cells were lentivirally transfected until reaching approximately 60% confluency. 108 

To carry out subsequent experiments, the cells were collected after 72 h by adding a blend of 5 μl 109 

lentivirus and 1 μl polybrene (5 μg/μl) to each well. 110 

Western blotting analysis. Protein extraction was conducted using the rapid lysate cell kit 111 

(Beyotime, #P0013). The protein concentration was determined with the BCA Protein Assay kit 112 

(Beyotime, #P0012). The protein lysate separated by 10% SDS-PAGE was transferred onto the NC 113 

membrane (Millipore, #HATF00010). We blocked the membranes with 5% skimmed milk. 114 

Subsequently, they were incubated overnight at 4 °C with following primary antibodies: WNK4 115 

(1:1000, Cell Signaling Technology (CST), #5713), STAT3 (1:1000, Abcam, #AB68153), 116 

p-STAT3 (1:1000, Abcam, #AB267373), GAPDH (1:2000, CST, #5174). The blots were further 117 

treated with an additional incubation period for 1 h with HRP-labelled anti-mouse (1:1000, 118 

Beyotime, #A0216) or anti-rabbit (1:1000, Beyotime, #A0208). Finally, enhanced visualization of 119 

target protein bands. 120 

Cell counting Kit-8 (CCK-8) assay. In order to evaluate cell proliferation, we utilized the CCK-8 121 

assay. In concrete terms, cells were cultured in 96-well plates with an initial density of 3 × 103 122 

cells/well at 37 °C in a 5% CO2 environment for an overnight duration. Subsequently, the 123 
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supernatant was removed, and each well received 10 µl of CCK-8 reagent (Signalway Antibody 124 

(SAB), #CP002) at: 0, 12, 24, 48, and 72 h. Incubation of the plates was then carried out under 125 

light-protected for one hour. Eventually, the absorbance at 450 nm was conducted. 126 

Colony formation assay. Inoculated 1 × 103 cells/well in a culture plate routinely. The plates were 127 

stored in an incubator at 37 °C for a total duration of 21 days. Removed liquid above the cells was 128 

eliminated, and the cells were rinsed twice. Cells were immobilized using a solution of 4% 129 

paraformaldehyde for a period of 15 min. Afterwards, staining was applied with 0.1% crystal violet 130 

solution for 10 min. Lastly, the staining solution was slowly washed off with running water, and the 131 

plates were left to dry at room temperature before observing the colonies. 132 

Real-time quantitative PCR (qPCR). Extraction of total RNA was carried out with TRIzol 133 

reagent (Invitrogen, #1596-026). Following this, a reverse transcription kit (Yesen, #11123ES60) 134 

was used for synthesizing cDNAs. The SYBR Green PCR kit (Yesen, #11202ES03/08/60) was 135 

utilized for conducting real-time quantitative PCR analysis. A PCR detector (Heal Force) was 136 

employed under specific conditions: a denaturation step, lasting for 5 min at 95 °C, which was 137 

followed by a series of 40 cycles. Each cycle comprises 10 s of denaturation and 30 s of 138 

annealing/extension at the corresponding temperature. Each reaction consisted of 10ng of sample 139 

cDNA and HPLC-grade water to make up a final volume of 20 μl. GAPDH as an internal control to 140 

ensure accuracy. The 2-ΔΔCT  approach was employed for the computation of the relative expression 141 

of WNK4. The primer sequences utilized are presented in Table 1. 142 

Nude mice xenograft model. We obtained four-to six-week-old male BALB/c-nude mice from 143 

Xuzhou Medical University Laboratory Animal Center. Allocated randomly them into the oeWNK4 144 

group and Vector group (n=6/group). Nude mouse xenograft models were established by 145 

subcutaneously injecting 100 μl (5 × 106 cells) of AGS cells transfected with either the WNK4 146 

vector or the empty vector. During our study, tumor growth indicators, including the measurements 147 

of tumor length (L) and width (W), were assessed at intervals of three days. Tumor volume was 148 

calculated as ½ × (L × W2). After 5 weeks, euthanasia of the mice was performed through cervical 149 

dislocation. The resulting tumors were excised, weighed, and subsequently preserved at -80 °C. All 150 
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of the animal experimental protocols were received approval from the Experimental Animal Ethics 151 

Committee of Xuzhou Medical University. 152 

Immunofluorescence (IF) staining. The subcutaneous tumor tissues obtained from nude mice 153 

were fixed and embedded for dehydration. Afterwards, the specimens were sectioned into a 154 

thickness of 5 µm and mounted on glass slides. The sections underwent an overnight incubation at 155 

4 °C with a rabbit monoclonal antibody against Ki67 (dilution of 1:200; Abcam; #AB243878). 156 

Subsequently, they were treated with Alexa Fluor488-conjugated IgG (dilution of 1:500; Beyotime; 157 

#A0423) at a temperature of 25 °C for 1 h. DAPI staining was performed followed by image 158 

acquisition with confocal microscopy. Fluorescence intensity was finally analyzed by using Image 159 

J. 160 

Gene Set Enrichment Analysis (GSEA). To perform gene set enrichment analysis, we selected 161 

GC with the highest expression of WNK4 (> Q3) or the lowest expression of WNK4 (< Q1) from 162 

the TGCA database to identify the signaling pathways primarily linked to WNK4 expression. Using  163 

the MSigDB hallmarked gene set collection, GSEA was conducted through the JAVA program 164 

available at (http://software.broadinstitute.org/gsea/index.jsp). This analysis involved ranking the 165 

genes based on their enrichment score, ranging from the most positive to the most negative. By 166 

doing so allowed us to assess the general correlation between gene sets and WNK4 expression. We 167 

conducted 1,000 arbitrary permutations on a sample and set the significance threshold for the 168 

p-value of the Normal distribution to be < 0.05. If a cluster of genes exhibited a positive enrichment 169 

score, most of its constituents displayed elevated expression levels in conjunction with decreased 170 

WNK4 expression, therefore labeling the cluster as "enriched". 171 

Statistical analysis. Mean±SD of three or more independent experiments were employed for the 172 

presentation of all data after performing statistical analysis through SPSS 19.0 and GraphPad Prism 173 

9.0. To compare gene expression among samples at various stages and grades, we utilized the 174 

Kruskal-Walli’s test, whereas a one-way ANOVA test was employed to perform multiple 175 

comparisons. The correlations from WNK4 to genes within JAK-STAT pathway were computed by 176 

Pearson Correlation Coefficient. The notable differences between the two groups was conducted by 177 

Student's t-test. P < 0.05 was considered statistically significant. 178 
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Results 181 

WNK4 was downregulated in GC and associated with a poor prognosis. Initially, we performed 182 

targeted sequencing of one hundred gastric cancer tissues and paired normal tissue specimens in 183 

order to detect mutations of WNK family genes in gastric cancer, and found that WNK1, WNK2, 184 

WNK3, and WNK4 were mutated in gastric cancer tissues, with WNK4 having a significantly 185 

higher mutation rate of 8% compared with other members (Figure 1A). Therefore, we focused on 186 

the relationship between WNK4 and gastric cancer. We employed an online application based on 187 

analysis of the TCGA database to compare mRNA levels of WNK4 between GCs and normal 188 

tissues. Our findings revealed a statistically significant downregulation of WNK4 mRNA 189 

expression in GC tissue (Supplementary Figure S1A). We characterized WNK4 protein expression 190 

in the HPA database. Immunohistochemical analysis with antibody HPA016500. Remarkably, 191 

reduced levels of WNK4 were observed in GC tissues compared to moderate to high levels found in 192 

normal gastric tissue samples (Supplementary Figure S1B). There was a gradual decrease in WNK4 193 

mRNA levels with increasing grade of GC (Supplementary Figure S1C). Although no noticeable 194 

variances were observed among different stages of GC (Stage I-IV), there was a trend towards 195 

reduced WKN4 mRNA expression as the disease progressed (Supplementary Figure S1D). In 196 

addition, we validated the results of bioinformatics analysis through WB and qPCR experiments. 197 

The data revealed that WNK4 exhibited significantly lower mRNA expression levels (Figure 1B) 198 

and protein levels (Figure 1C) in GC cell lines compared to the GES-1 cell line. The TCGA 199 

standardized GC cohort (N=410) mRNA expression patterns and their corresponding survival 200 

information were downloaded to investigate the predictive value of WNK4 expression for GC 201 

survival. Patients with an elevated WNK4 expression had a prolonged overall survival (OS), as 202 

confirmed by univariate survival analysis. (Supplementary Figure S1E). Combined, above results 203 

suggest that WNK4 affected the progression and prognosis on GC. 204 

Overexpression of WNK4 in GC cells inhibited proliferation in vitro and in vivo. Among the 205 

five GC cell lines, AGS cell line was with the lowest endogenous WNK4 expression. We then 206 

investigated the impact of WNK4 on GC cell biology behavior by transfecting AGS cells with 207 

WNK4 slow retroviruses (AGS/ oe - WNK4). The results obtained from RT-PCR and WB analysis 208 
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demonstrated a high transfection efficiency (Figures 2A, 2B). Besides, it was observed that 209 

overexpression of WNK4 notably restrained the proliferation and colony-forming ability of AGS 210 

cells through CCK8 assay and colony-forming assay (Figures 2C, 2D). To further validate these 211 

findings, we established an in vivo subcutaneous xenograft model using either AGS/oe-WNK4 or 212 

normal control AGS cells (Vector), which unequivocally confirmed that WNK4 overexpression 213 

effectively inhibited the tumorigenic potential of AGS cells (Figures 2E, 2G). Furthermore, 214 

immunofluorescence experiments conducted on paraffin sections showed a remarkable reduction in 215 

the Ki-67 index of subcutaneous tumors formed by AGS/oe-WNK4 cells compared to those formed 216 

by AGS/Vector cells as depicted in Figures 2H and 2I. Thus, our study provided compelling 217 

evidence supporting the inhibitory role of WNK4 in GC. 218 

Knockdown of WNK4 resulted in GC cell progression. WNK4 expression was greatest in MKN 219 

45 cells among the five GC cell lines, thereby we down-regulated WNK4 expression in the MKN 220 

45 cell line. First, the efficiency of knockdown was assessed by utilizing RT-PCR and Western 221 

blotting techniques. (Figures 3A, 3B). Subsequently, shWNK4-1 and shWNK4-2 exhibiting 222 

superior transfection efficiency were chosen for subsequent experiments. As anticipated, WNK4 223 

knockdown did result in promotion of cell proliferation and colony formation (Figures 3C, 3D). 224 

The closely association between WNK4 expression and the Jak-STAT3 signaling pathway. 225 

WNK4 acted as a tumor suppressor gene in GC through the aforementioned experimental results. 226 

Based on the gene expression profiles of GC extracted from TCGA database, we applied GSEA to 227 

explore the potential signaling pathways associated with WNK4 expression. The results showed 228 

that a significant association between WNK4 and the IL6 Jak STAT3 signaling pathway, indicating 229 

that low WNK4 expression could lead to activation of IL6 Jak STAT3 signaling pathway (NES=1.7, 230 

p=0.0077, Figure 4A). Furthermore, we extracted the key genes in the JAK-STAT3 pathway from 231 

the KEGG database, and calculated the expression correlation with WNK4. The results showed that 232 

most key genes in the JAK-STAT3 pathway showed a significant negative correlation with WNK, 233 

including JAK1/JAK2/JAK3, STAT1/ STAT2/ STAT3/ STAT4/ STAT5A (Figure 4B). These 234 

results indicated the closely association between WNK4 expression and the Jak-STAT3 signaling 235 

pathway. 236 
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Knockdown of WNK4 activated STAT3 signaling pathway in GC cells. STAT3 was a 237 

multifunctional molecule involved in signal transduction and transcriptional activation in biological 238 

processes including inflammation, metabolism, and tumorigenesis [7, 8]. STAT 3 signaling 239 

pathway has been previously demonstrated in GC [22-25]. We revealed the correlation of WNK4 240 

with the STAT 3 signaling pathway in GC for the first time. Firstly, we examined the activation of 241 

STAT3 (tyrosine phosphorylation at Y705), as depicted in Figure 5A. AGS cells overexpressing 242 

WNK4 exhibited a significant reduction in p-STAT3 (Y705) levels, while MKN45 cells with 243 

knockdown of WNK4 showed a substantial increase in pSTAT3 (Y705) expression (Figure 5B). 244 

Subsequently, we employed Stattic - a non-peptide small molecule known to selectively inhibit 245 

STAT3 SH2 domain function [26]. Stattic used in this study was provided by Med Chem Express 246 

(MCE, #HY-13818), and the experimental concentration of Stattic was 10 μM. The results depicted 247 

in Figure 5C demonstrated that Stattic significantly attenuated STAT3 phosphorylation in GC cells 248 

exhibiting low WNK4 expression. CCK8 assay and colony forming experiment suggested that 249 

blockade of the STAT3 signaling pathway promoted cell death in WNK4 knockdown MKN45 cells 250 

(Figures 5D, 5E). These findings imply that the low expression of WNK4 activates the STAT3 251 

signaling pathway and drives tumorigenesis in GC (Figure 5F). 252 

 253 

Discussion 254 

The WNK family represents a novel class of serine/threonine protein kinases [27]. The name 255 

"WNK" was derived from the absence of an ATP-binding lysine residue on the second subunit of its 256 

kinase domain, which distinguished it from other kinases. In WNK kinases, the beta chain of lysine 257 

residues within the structural domain subunit 1 played a crucial role in mediating ATP binding and 258 

phosphorylation events. Adjacent to the kinase domain lies an autoinhibitory domain that maintains 259 

WNK kinase activity at a low level through autophosphorylation processes [28]. Increasing 260 

evidence suggested aberrant expression of WNK in tumor tissues, implicating its involvement in 261 

tumor growth, metastasis, and angiogenesis [29]. This article focused on elucidating the WNK4 in 262 

gastric cancer. 263 
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We observed for the first time that WNK4 protein and mRNA were expressed at lower levels in GC 264 

samples than those in normal tissues and cells, as determined using a large public database. To 265 

validate these findings, Western blotting and RT-PCR were employed to determine WNK4 266 

expression in GC cells and normal human gastric epithelial cells. The results demonstrated a 267 

substantial decrease in WNK4 expression within GC cells in contrast to GES-1, which corroborated 268 

data from TCGA and HPA databases. Moreover, analysis of TCGA database revealed a correlation 269 

between low WNK4 expression and advanced tumor stage, grade, as well as poor clinical outcome. 270 

AGS cells with relatively low endogenous WNK4 expression were selected for overexpression 271 

experiments. Our data showed that GC cells overexpressing WNK4 exhibited significantly reduced 272 

proliferative capacity. Conversely, MKN45 cells with relatively high endogenous WNK4 273 

expression were chosen for knockdown experiments, resulting in enhanced proliferation ability of 274 

GC cells with suppressed levels of WNK4. It was noteworthy that different members within the 275 

WNK family played distinct roles across various types of tumors. Previous study had reported high 276 

expression levels of WNK1 in HCC, where it was related to poor prognosis [30]. Additionally, 277 

research on colon cancer cell lines had shown that silencing or inhibiting WNK1 effectively 278 

suppressed both in vitro and in vivo proliferation of colon cancer [31]. Downregulation of WNK1 279 

expression in various breast cancer models had demonstrated a reduction in tumor migration, 280 

invasion, demonstrating that targeting WNK1 could serve as a strategy for mitigating the 281 

progression of invasive breast cancer [32]. Decreased expression of WNK2 had been correlated 282 

with tumor recurrence and adverse OS outcomes in patients with HCC [19]. Suppression of WNK2 283 

in the glioblastoma SW1088 cell line enhanced cell migration and invasion and soft agar colony 284 

formation. Conversely, reintroduction of WNK2 into A172H glioblastoma cells obstructed their 285 

capacity to establish clusters in soft agar and suppressed tumor development in a chick 286 

chorioallantoic tumor model [33]. This evidence backed WNK2 as a potent tumor suppressor. It can 287 

be seen a dual function for WNK proteins in tumorigenesis. Interestingly, in both medulloblastoma 288 

and gastric cancer, STAT3 appears to be a key transcriptional regulator, while they differ in WNK4 289 

expression. Up-regulation of WNK4 enhanced medulloblastoma cell proliferation and confers 290 
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resistance to cisplatin treatment, contributing to poor prognosis. However, as we found,  291 

upregulation of WNK4 inhibited the proliferation of gastric cancer cells. 292 

Next, we investigate the mechanisms of regulating GC after WNK4 knock-down. GSEA revealed a 293 

negative correlation between WNK4 and the STAT3 signaling pathway. This was further validated 294 

through cell experiments, where in overexpression of WNK4 led to a notable reduction in p-STAT3 295 

expression in GC cells, which was substantially increased when WNK4 knockdown. Furthermore, 296 

we observed that STAT3 inhibitors could counteract the effects of WNK4 knock-down on GC cells. 297 

Here, we concluded that WNK4 suppression may induce GC proliferation through activation of the 298 

STAT3. Hyperactivation of the STAT3 pathway had been observed in various human tumors such 299 

as HCC and CRC, classifying it as an oncogene [34, 35]. RBMS1 promoted GC metastasis via 300 

autocrine IL-6/JAK2/STAT3 signaling [36], the acceleration of GC cell proliferation and invasion 301 

was facilitated by circBGN through the activation of the IL6/STAT3 pathway [37], and Kras or 302 

BRAF mutation synergise with STAT3 activation contribute to GC progression [38]. Altogether, 303 

these highlighted a strong connection between STAT3 pathway and GC. 304 

We revealed a novel mechanism underlying gastric carcinogenesis. However, the specific 305 

mechanisms by which reduced expression of WNK4 induced activation of the STAT3 in GC remain 306 

unclear, and further investigations will be conducted to address this question. 307 

Our findings not only provided deeper insights into the role of WNK4 in GC but also presented the 308 

first evidence suggesting that WNK4 may function as a tumor suppressor gene. Therefore, WNK4 309 

could be considered a promising new target for optimizing clinical practice. 310 
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 441 

Figure 1. WNK4 was down-regulated in GC cell lines. A) Targeted sequencing results of 100 pairs 442 

of gastric cancer samples. Gray rectangles signify different exons, missense mutations (green) and 443 

truncation mutations (black) all localized in specific exons. B, C) The expression level of WNK4 in 444 

five GC cell lines (AGS, HGC27, MKN28, MKN45, NCIN87) and a normal gastric mucosal cell 445 

line (GES-1). 446 

 447 

Figure 2. WNK4 overexpression inhibited GC cells proliferation in vitro and in vivo. A) RT-PCR 448 

and B) Western-blotting indicated overexpression efficiency of WNK4 in AGS cells. C) 449 

Overexpression of WNK4 can effectively inhibited AGS cells proliferation as detected by CCK8 450 

assay. D) Colony formation assay revealed that overexpression of WNK4 inhibited the growth of 451 

AGS cell lines. E) Subcutaneous graft tumors formed by AGS/oe-WNK4 cells in nude mice were 452 

smaller than those generated by controls. F, G) Tumor growth curves and final tumor weights were 453 

revealed, respectively, and both metrics had the same trend. H, I) Two groups of tumor specimens 454 

were subjected to immunohistochemical detection of Ki67 indicators (magnification ×400). Ki67 455 

(green) was assessed by immunofluorescence staining. DAPI was used for nuclear staining (blue). 456 

Data were expressed as the mean±SD; *p < 0.05, **p < 0.01, ****p < 0.0001 457 

 458 

Figure 3. Knockdown of WNK4 induced GC progression. (A) RT-PCR and (B) Western-blotting 459 

indicated knock-down efficiency of WNK4 in MKN45 cells. Knockdown of WNK4 promoted 460 

MKN45 cells proliferation were detected by CCK8 assay (C) and Colony formation assay (D). Data 461 

were expressed as the mean ± SD; ** p < 0.01, ***p < 0.001, ****p < 0.0001 462 

 463 

Figure 4. The closely association between WNK4 expression and the Jak-STAT3 signaling 464 

pathway. A) GSEA analysis of the GC gene expression profiles from the TGCA database showed 465 

that low expression of WNK4 was positively correlated with the IL6 Jak STAT3 pathway gene set 466 

(NES=1.7, p ˂  0.05). B) Heatmap of the correlation between WNK4 and key genes of the 467 

JAK-STAT pathway. Red represents negative correlation; blue represents positive correlation. The 468 

larger the correlation r value, the larger the circle. The x represents no significant. 469 

 470 

Figure 5. Knockdown of WNK4 activated the STAT3 signaling pathway in GC cells. A) The 471 

protein levels of STAT3 and p-STAT3 (Y705) were assessed via Western blot analysis in AGS 472 
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cells overexpressing WNK4. B) WNK4 knock-down MKN45 cells were also examined for the 473 

aforementioned protein levels. C) The effect of Stattic treatment on WNK4 knock-down MKN45 474 

cells was evaluated by measuring the protein expression of STAT3 and p-STAT3 (Y705). 475 

Functional assays including CCK-8 assay D) and colony formation assay E) demonstrated that 476 

Stattic effectively reversed the growth and proliferative capacity induced by WNK4 knockdown in 477 

GC cells. F) Schematic representation of WNK4 influencing GC progression through STAT3. Data 478 

were expressed as the mean±SD; *p < 0.05, ***p < 0.001, ****p < 0.0001  479 
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Table1. Primer sequences for Real-Time qPCR. 480 

Genes Forward (5′-3′) Reverse (5′-3′) 

WNK4 TCGGATTGCGAGACTGATG3 GAACGTGGAATGGATAGGG 

GAPDH CGGATTTGGTCGTATTGG CTCGCTCCTGGAAGATGG 
 481 



Fig. 1    Download full resolution image

https://mmplus.sav.sk/MMPlus2/api/download/articleFile/266966/vswvMtfL9LqvcCjC3yPuvyLNHXV0HAS2REftbU3phcev3n2sHtFw23Wpv241slbh


Fig. 2    Download full resolution image

https://mmplus.sav.sk/MMPlus2/api/download/articleFile/266967/nDEtVgwbkhSCVVSaFbq5DIGeSzfUkgTbQEz37rg2T3ZCuPDhSlf95NXpVp3ZohEd


Fig. 3    Download full resolution image

https://mmplus.sav.sk/MMPlus2/api/download/articleFile/266968/aYfXl6leg0RZ4ceLquw9txi7Zfci7HanBXwi8BZx88eadMRne3AgKna7iEFaltpJ


Fig. 4    Download full resolution image

https://mmplus.sav.sk/MMPlus2/api/download/articleFile/266969/0iqD502fSAYq5UMmmhkBsra6BWuQ3jkXaiYoZQmKa8DGtZ7dmoGWGV89d8HZH3Nt


Fig. 5    Download full resolution image

https://mmplus.sav.sk/MMPlus2/api/download/articleFile/266970/0iGDlQpUpTXKQBq6s1lIJynnCYiyraRYacsJruXr86pMVZjNQGG5SufAIJ5LrTUk

