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ZYX promotes invasion and metastasis of
gastric cancer cells via WNK1/SNAI1axis
Gastric cancer (GC) is the third most common cause of
cancer death globally and a large portion of patients are
diagnosed at advanced stages with cancer invasion and
metastasis1,2. However, the mechanisms underlying the
invasion and metastasis of GC remain to be delineated. ZYX
plays critical roles in cell mobility via cytoskeleton regu-
lation in various cell types.3 In this study, we further re-
ported that ZYX promoted migration, invasion, and
metastasis of GC cells. Mechanistically, ZYX promoted
WNK1 activation and SNAI1 up-regulation, inducing
epithelial-mesenchymal transition (EMT) to enhance the
mobility of GC cells. Inhibition of WNK1 impaired the
mobility of GC cells. Therefore, ZYX/WNK1 could be po-
tential therapeutic targets for GC treatment.

Immunohistochemistry (IHC) in a GC cohort showed that
the protein level of ZYX in GC tissues was significantly
higher than that in paracancerous tissues (Fig. 1A;
Fig. S1A). The statistical analysis on the TCGA_STAD data-
base and GSE2685, a GC dataset from GEO, consistently
showed that the mRNA level of ZYX gene in GC cells was
higher than that in non-tumor counterparts (Fig. S1B, C). In
6 pairs of fresh GC tissues and paracancerous tissues, we
also observed that the protein and mRNA levels of ZYX were
increased in GC tissues compared with paracancerous tis-
sues (Fig. S1D, E). Then, we analyzed the correlation be-
tween ZYX level and clinicopathological parameters of GC
patients. The results showed that the expression of ZYX was
positively correlated with tumor size, recurrence, and T
and N stages (Table S1). One-way ANOVA and multivariate
ANOVA analyses showed that ZYX was an independent
prognostic factor (P < 0.0001) for GC patients (Table S2).
The overall survival (OS) time and disease-free survival
(DFS) time of GC patients with ZYXHigh were significantly
shorter than those of ZYXLow patients (Fig. 1B). Analysis of
the GC database from KaplaneMeier Plotter further sup-
ported the prognostic significance of ZYX (Fig. S1F).
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To study the role of ZYX in GC cells, we measured the
expression of ZYX in normal gastric mucosal epithelial cells
(GES-1), a panel of GC cell lines (BGC823, MGC803,
SGC7901), and a primary GC cell line XN0422 by real-time
PCR and western blotting. Both mRNA and protein levels of
ZYX were increased in GC cell lines compared to normal
cells (Fig. S2A). We constructed ZYX-overexpressing cells
using XN0422 (XN0422-ZYX) and ZYX-knockdown cells using
MGC803 (MGC803-shZYX) (Fig. S2B, C) to further explore
the effect of ZYX on the mobility of GC cells. Wound-
healing assay showed that the migration ability of XN0422-
ZYX cells was enhanced compared with XN0422 control
(XN0422-Ctrl) cells (Fig. S2D). However, the migration
ability of MGC803-shZYX cells was reduced compared with
MGC803 control (MGC803-shCtrl) cells (Fig. S2D). The
invasive ability of XN0422-ZYX cells was significantly higher
than that of XN0422-Ctrl cells (Fig. S2E), and the invasive
ability of MGC803-shZYX cells was significantly decreased
compared to MGC803-shCtrl cells (Fig. S2E). Through
abdominal metastasis experiment in mice, we found that
the number of metastatic tumors in XN0422-ZYX cells was
significantly higher than that in XN0422-Ctrl cells (Fig. 1C;
Fig. S2F), but the number of metastatic tumors in MGC803-
shZYX cells was significantly lower than that in MGC803-
shCtrl cells (Fig. 1D; Fig. S2G). HE staining confirmed that
the metastatic tumor originated from GC cells (Fig. S2H),
confirming that ZYX enhanced the mobility of GC cells both
in vitro and in vivo.

To explore potential signaling pathways involved in the
ZYX-regulated mobility of GC cells, we analyzed GC data-
bases from TCGA_STAD, GSE35809, and GSE2685 via Gene
Set Enrichment Analysis (GSEA).4 We used the median value
of ZYX mRNA level as the cutoff to stratify cases into high
(ZYXHigh) and low (ZYXLow). In the context of Hallmark
signatures, EPITHELIAL MESENCHYMAL TRANSITION (EMT)
had the highest enrichment score (ES) among genesets
enriched by ZYXHigh (Fig. 1E and Table S3). In the context
of KEGG pathways, ECM RECEPTOR INTERACTION, and
FOCAL ADHESION were highly enriched by ZYXHigh (Table
S4). Using curated genesets as background, we found that
behalf of KeAi Communications Co., Ltd. This is an open access
by/4.0/).
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Figure 1 The expression and regulation of ZYX in GC tissues. (A) IHC images of ZYX with different invasion depths and lymph node
metastasis in GC. Scale Bar Z 200 mm (upper) and 50 mm (lower). (B) KaplaneMeier survival analysis of GC patients with high ZYX
versus those with low ZYX. (C) Statistic graph of intraperitoneal metastatic nodules in control (Ctrl) versus ZYX-overexpressing
(ZYX) mice or control-shRNA (shCtrl) versus ZYX knockdown (shZYX) mice. (D) Gene sets enriched by high ZYX versus low ZYX
through GSEA. (E) Phosphokinase array image and the semi-quantitative result of altered phosphorylated kinases. (F) Western
blotting of indicated proteins in stable cells based on XN0422 and MGC803 cells.
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ANASTASSIOU CANCER MESENCHYMAL TRANSITION SIGNA-
TURE and JECHLINGER EPITHELIAL TO MESENCHYMAL
TRANSITION UP were enriched by ZYXHigh (Fig. 1E and
Table S5). Interestingly, a GC-related geneset VECCHI GC
ADVANCED VS EARLY UP was also consistently enriched by
ZYXHigh (Fig. 1E and Table S5). It was noted that GSEA
results from the three databases were largely overlayed,
indicating the reliability of our analysis on ZYX expression
(Fig. S3).

To identify potential ZYX-related kinases in GC cells, we
examined kinases activated by ZYX using a human phospho-
kinase antibody microarray. The results showed that the
phosphorylation levels of eight kinases in XN0422-ZYX cells
were higher than those in XN0422-Ctrl cells, among which
the elevated level of p-WNK1 was the most significant
(Fig. 1F). To verify the relationship between p-WNK1 and
ZYX, we overexpressed ZYX in BGC823 (BGC823-ZYX) cells
(Fig. S4A) followed by screening via phospho-kinase anti-
body microarray. The result showed that p-WNK1 in
BGC823-ZYX cells was also increased compared to BGC823
control (BGC823-Ctrl) cells (Fig. S4B). Consistently, western
blotting confirmed the increase and decrease of p-WNK1
level by overexpression and knockdown of ZYX, respec-
tively (Fig. 1G). It has been reported that WNK1 affects the
EMT of lung cancer cells through SNAI1 and enhances the
mobility of lung cancer cells,5 which promoted us to
examine the axis of ZYX/WNK1/SNAI1 in GC cells. The re-
sults showed that ZYX overexpression up-regulated the
protein levels of SNAI1 and CDH2 (N-cadherin), but down-
regulated the protein levels of CDH1 (E-cadherin) in
XN0422 cells (Fig. 1G). ZYX knockdown in MGC803 cells
decreased SNAI1 and CDH2 but increased CDH1 (Fig. 1G).
Therefore, ZYX might induce the occurrence of EMT in GC
cells through WNK1/SNAI1 pathway.

We further evaluated the relationship between ZYX and
SNAI1 using TCGA_STAD and GSE35809 databases. mRNA
levels of ZYX and SNAI1 were significantly and positively
correlated with each other (Fig. S4C). GSEA showed that
mobility-related genesets were consistently enriched by
SNAI1 high expression (Fig. S4DeF and Table S6e8). In the
TCGA_STAD database, the transcriptomic profile of ZYXHigh
and ZYXLow resembled those of SNAI1High and SNAI1Low
(Fig. S4G and Table S9). David’s analysis showed that the
co-upregulated genes by ZYX and SNAI1 were enriched in
gensets related to cell mobility regulation (Fig. S4G).

Finally, we examined the effect of WNK1 deletion on the
ZYX-induced invasion of GC cells. Knockdown of WNK1
(Fig. S5A) remarkably decreased the expression of SNAI1
(Fig. S5B) and suppressed the invasion of XN0422-ZYX cells
(Fig. S5C). Treatment with WNK463, an inhibitor of WNK1,
led to a decrease in SNAI1 protein level in both XN0422-ZYX
and XN0422-Ctrl cells (Fig. S5D). The invasion of XN0422-
ZYX and XN0422-Ctrl cells was also decreased by WNK463
(Fig. S5E). These results implied that WNK1/SNAI1 pathway
was involved in the regulation of GC invasion. Through the
mouse abdominal metastasis experiment, we further
noticed a decrease in metastatic foci by WNK463 treatment
(Fig. S5F). HE staining confirmed that the metastatic tumor
originated from GC cells (Fig. S5G). Interestingly, we also
noticed that high and low expression of ZYX could increase
and decrease phosphorylation of AKT (S473), respectively
(Fig. S5H).

Altogether, our studies revealed that GC patients with
high ZYX had a worse prognosis. ZYX might regulate EMT in
GC through the WNK1/SNAI1 axis to promote the invasion
and metastasis of GC cells, which was reversed by pharma-
ceutical inhibition of WNK1. Therefore, ZYX/WNK1 could be
potential therapeutic targets for the treatment of GC.
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