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GRP94 promotes anoikis resistance
and peritoneal metastasis through YAP/TEAD1
pathway in gastric cancer

Qimeng Shi,1,2 Yang Lu,1,2 Yutong Du,1 Ruixin Yang,1 Yingxin Guan,1 Ranlin Yan,1 Yingyan Yu,1

Zhenqiang Wang,1,* and Chen Li1,3,*
SUMMARY

Anoikis resistance allows cancer cells to avoid death caused by detachment from the extracellular matrix’s
adhesion, enabling these cells to infiltrate and migrate to regions such as the peritoneum. This study em-
phasizes GRP94’s involvement in anoikis resistance and peritoneal metastasis in gastric cancer (GC). It’s
found that GRP94 overexpression, linked to poor prognosis, was potentially due to SP1 and GRP94 pro-
moter interactions, confirmed through dual luciferase reporter (DLR), chromatin immunoprecipitation
(ChIP), and quantitative real-time PCR (real-time qPCR). Increased GRP94 enhanced GC cells’ anoikis resis-
tance andmetastasis. Decreasing GRP94 had opposite effects, potentially through yes-associated protein
(YAP)/TEAD1 axis inhibition, with raised YAP phosphorylation and decreased TEAD1 levels detected by
western blotting (WB). Inhibiting YAP counteracted GRP94’s effects on anoikis resistance andmetastasis,
while activating YAP reversed the effects of GRP94 reduction. Animal experiments verified GRP94’s
contribution to GC’s peritoneal metastasis. In conclusion, our work highlights the effect of GRP94 on anoi-
kis resistance, showing potential value in treating peritoneal metastasis of GC.

INTRODUCTION

China experiences a significant prevalence of gastric cancer (GC), with an estimated 400,000 new cases annually. Remarkably, 30% of these

cases aremetastatic GC, a statistic that’s been rising annually, underscoring both a high incidence andmortality rate.1,2 Metastasis and recur-

rence are important causes of death in advancedGCpatients, with peritoneal metastasis being the primary factor affecting the prognosis and

recurrence of GC patients. The prognosis of patients with GC peritoneal metastasis is extremely poor, with a 5-year survival rate of less

than 5%.3

Anoikis resistance plays a pivotal role in peritoneal metastasis within malignant tumors. This resistance allows tumor cells to bypass the

extracellularmatrix’s adhesion dependency, warding off cell death triggered by detachment, and enabling these cells to infiltrate andmigrate

to regions such as the peritoneum.4 However, the intricate regulatory systems that allow GC to sustain this trait remain somewhat enigmatic.

Yes-associated protein (YAP), integral to theHippo-YAP signaling pathway, is implicated in the promotion ofGC’s peritonealmetastasis.5,6

Given that YAP can be activated by cell adhesion molecules, it invites exploration into its relationship with anoikis resistance.7,8 This area,

however, presents conflicting views. For instance, Shao et al.9 highlighted that inhibiting YAP, targeted by miR-200a, led cells to circumvent

anoikis by reducing proapoptotic protein (p73, Noxa, Bax, and Bim included) levels in breast cancer. In contrast, A.K. Sood’s team10 identified

YAP, when dephosphorylated by RhoA-activatedMYPT1-PP1 phosphatase, as an enhancer of anoikis resistance in ovarian and colorectal can-

cer. The exact mechanism behind YAP’s influence on anoikis resistance in GC remains ambiguous, necessitating further inquiry.

Glucose-regulated protein 94 (GRP94, alternatively labeled as HSP90B1) is typically stress-induced and is part of the heat-shock protein 90

(Hsp90) family. Predominantly found in the endoplasmic reticulum, it is acknowledged as a modulator of its client proteins’ stability and func-

tion. Notably, GRP94 is closely tied to cellular resistance to stress, apoptosis, proliferation, invasion, inflammation, and immunity.11,12 Surpris-

ingly, deviating from initial assumptions, GRP94 levels were observed to decrease in circulating tumor cells of prostate cancer, suggesting that

GRP94 might counteract tumor cells’ resistance to anoikis.13 The potential link between GRP94 and YAP remains largely unexplored, empha-

sizing the need for a deeper investigation into the interplay among GRP94, YAP, and anoikis resistance in GC.

Our study explores GRP94’s role in GC, showing its impact on anoikis resistance and metastasis through the YAP/TEAD1 pathway. This

perspective diverges from conventional views, offering insights into how cancer cells elude their inherent fate post-detachment and migrate
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Figure 1. Expression of GRP94 was upregulated in tumor tissues in GC

(A)GRP94 expression was assessed using GEPIA2 in stomach adenocarcinoma (STAD) samples (red, T = 408) compared to normal tissue samples (gray,N = 211)

from both TCGA and GTEx projects.
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Figure 1. Continued

(B) Kaplan-Meier plotter validation of GRP94 expression in STAD patients yielded a log rank p value of 0.00051. GSE62254 was excluded according to Kaplan-

Meier plotter’s suggestion because it had markedly different characteristics than the other datasets. Outlier arrays were also excluded during quality control.

(C) IHC staining highlighted GRP94 protein levels differences between tumor tissues and their matched adjacent non-tumor tissues in GC. The left image has a

scale bar of 250 mm at 403 magnification, while the right image has a scale bar of 50 mm at 2003 magnification.

(D) The graph represents the quantification of the mean density of GRP94 levels in both groups (n = 40).

(E) UCSC data identified potential transcription factor binding sites in the promoter region of GRP94.

(F) JASPAR predicted the best SP1 binding site within GRP94’s promoter region.

(G) The chart displayed correlations among the expressions of SP1 and GRP94.

(H) A dual luciferase reporter assay was performed on HGC-27 cells, and luciferase activity was assessed 48 h post-transfection.

(I) ChIP-qPCR confirmed the direct interactions between SP1 and GRP94.

(J) Western blot (WB) analysis confirmed the levels of GRP94 protein in the normal gastric epithelial cell line (GES-1) and various GC cell lines, including HGC-27,

MKN-45, 746T, MGC-803, and AGS.

(K and L) WB and real-time qPCR were conducted to assess the efficiency of GRP94 knockdown in MKN-45 and 746T cells.

(M) Overexpression plasmids were used to evaluate the effect of upregulating SP1 on GRP94 expression in MKN-45 and 746T cells. (ns, *p < 0.05; **p < 0.01;

***p < 0.001. All results are presented as mean G SEM.).
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elsewhere. A profound understanding of GC’s peritoneal metastasis mechanism, coupled with innovative preventive and treatment strate-

gies, is imperative for enhancing the prognosis of metastatic GC patients.
RESULTS

Expression of GRP94 was upregulated in tumor tissues in GC

Initially, based on the Gene Expression Profiling Interactive Analysis (GEPIA) database,14 we observed that GRP94 is expressed at higher

levels in tumor tissues compared to normal tissues (Figure 1A). To determine whether this overexpression positively impacts patient prog-

nosis, we conducted a survival analysis using Kaplan-Meier plotter (www.kmplot.com). The results revealed that the survival probability for

the high-expression GRP94 group was significantly lower compared to the low-expression GRP94 group (log rank p = 0.00051) (Figure 1B).

This discrepancy corresponded to a hazard ratio (HR) of 1.52 (1.2–1.92). An immunohistochemistry (IHC) analysis was carried out to

compare GRP94 levels in tumor tissues and adjacent non-tumor tissues from 40 GC patients, further confirming the findings from the

GEPIA database (Figures 1C and 1D). GRP94 levels in primary tumors and adjacent peritoneal metastasis were detected using the

same method in six patients, and GRP94 in peritoneal metastasis showed a higher level (Figure S1). Interestingly, we discovered binding

sites for SP1, rather than heat shock transcription factors (a family of transcription factors regulating the response of heat shock proteins to

various proteotoxic stressors), in the core promoter region upstream of GRP94 (Figure 1E). SP1, a critical member of the SP/KLF family,

binds to the GC box, a prominent cis-regulatory element, with high specificity. This transcription factor is involved in various cancer

cell functions, including apoptosis,15 proliferation,16 migration,17 and invasion.18 According to predictions from the JASPAR CORE data-

base, the binding sites for SP1 are located at �572 to -564 (Figure 1F). Data from the GEPIA database indicate a strong correlation be-

tween SP1 expression and GRP94 in GC tissues (r = 0.61, p < 0.001) (Figure 1G). To investigate the direct interaction between SP1 and the

GRP94 promoter, we generated luciferase reporters with mutated GRP94 promoter binding sites. Reduced luciferase activity in mutant

GRP94 promoter vectors suggests SP1’s role in activating GRP94 transcription (Figure 1H). This proposed interaction was further substan-

tiated in vivo through chromatin immunoprecipitation combined with real-time qPCR (ChIP-qPCR) (Figure 1I). Among various clinicopath-

ologic indicators, Borrmann type showed a significant association with GRP94 expression (p = 0.0247) (Table 1). GRP94 was silenced in

MKN-45 and 746T cells. Subsequent experiments utilized MKN-45-shGRP94-2 and 746T-shGRP94-2, as selected based on real-time

qPCR and WB outcomes (Figures 1J–1L). MKN-45-shGRP94 and 746T-shGRP94 cells were transfected with SP1 overexpression plasmids,

resulting in upregulation of GRP94, as shown by real-time qPCR (Figure 1M).
Knockdown of GRP94 suppressed anoikis resistance, migration, and invasion of GC cells in vitro

Anoikis resistance, considered a fundamental requirement, allows tumor cells to survive in dynamic tumor microenvironments and migrate

after detaching from their primary location.19,20 Cells that adhere and subsequently proliferate in a standard 6-well plate after 7 days of sus-

pension culture are characterized as anoikis-resistant. WB revealed that, post 7-day suspension culture, the GRP94 protein level in MKN-45

cells exceeded that observed after a 2-day suspension, indicating a potential role of GRP94 in GC cells’ resistance to anoikis (Figure S2A). We

then transfected MKN-45 and 746T cells with shGRP94 and its control vector, shCtrl. A notable difference in apoptosis rates between shCtrl

and shGRP94 groups was detected, using flow cytometry, during suspension culture (MKN-45: 12.77% vs. 16.97%, p < 0.001; 746T: 41.17% vs.

61.03%, p< 0.001) but not in adherent cultures (Figures 2A and 2B). Ethd-1/calcein blue AM staining showed an obvious increase in apoptosis

rate, due to the knockdown of GRP94, during suspension culture (MKN-45: 10.70% vs. 31.42%, p < 0.001; 746T: 55.71% vs. 71.97%, p < 0.001)

(Figures 2C and 2D). Further tests involving wound healing, and Transwell migration and invasion assays were conducted to gauge GRP94’s

influence on the migratory and invasive capacities of these cancer cells. The wound healing assay revealed slower closure rates for wounds in

MKN-45-shGRP94 and 746T-shGRP94 compared to their control counterparts (Figures 2E and 2F). The Transwell assay also showed a dimin-

ished cell passage through the membrane, irrespective of the presence of matrigel, in the shGRP94 groups compared to shCtrl groups

(Figures 2G and 2H).
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Table 1. Correlations between the expression of GRP94 and clinicopathologic parameters in GC patients

Clinicopathologic parameters Case (n = 40) GRP94 High (n = 26) GRP94 Low (n = 14) p value

Gender

Male 28 18 10 >0.9999

Female 12 8 4

Age

R60 28 20 8 0.1929

<60 12 6 6

Tumor size

R5 cm 22 15 7 0.6409

<5 cm 18 11 7

Differentiation

Well, moderately 11 6 5 0.3932

Poorly, undifferentiated 29 20 9

Borrmann type

I 4 1 3 0.024

II 4 3 1

III 27 21 6

IV 5 1 4

Lauren’s classification

Intestinal 22 16 6 0.6211

Diffuse 6 4 2

Mixed 8 4 4

Unclassifiable 4 2 2

Local invasion

T1+T2 5 4 1 0.6404

T3+T4 35 22 13

Lymph node metastasis

N0+N1 10 8 2 0.4457

N2+N3 30 18 12

Pathological stage

I + II 9 7 2 0.4527

III+IV 31 19 12

Samples exhibiting greater GRP94 expression in tumor tissues, relative to adjacent non-tumor control tissues, were categorized into the high-expression group

(n = 26). Conversely, those with lesser or equivalent expression were designated to the low-expression group (n = 14). A Chi-square or Fisher’s exact test was

utilized to determine the correlation between GRP94 expression and clinicopathological characteristics in GC patients.
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Overexpression of GRP94 enhanced anoikis resistance, migration, and invasion in GC cells in vitro

Elevated levels of GRP94 led to a higher survival rate of detached HGC-27-GRP94 cells during suspension culture compared to HGC-27-Vec,

with the apoptosis rate reducing from 23.90% to 15.73% (p < 0.01) (Figures 3A and 3B). The Ethd-1/calcein blue staining experiment was

similar, and the results showed that overexpression of GRP94 led to a decrease in the apoptosis rate of HGC-27 cells from 29.16% to

17.06% (Figures 3C and 3D). The wound healing assay indicated accelerated wound closure upon GRP94 overexpression (Figures 3E and

3F). As anticipated, the Transwell assay revealed an increased number of HGC-27-GRP94 cells traversing the membrane, with or without ma-

trigel (Figures 3G and 3H).
The YAP/TEAD1 axis promoted anoikis resistance, migration, and invasion of GC cells

Previous reports have highlighted the critical role of the Hippo-YAP pathway in cell adhesion.21,22 Considering that the loss of cell adhesion

between cells and between cells and the extracellular matrix can trigger anoikis, we focused on the Hippo/YAP pathway’s involvement in this

process, particularly its interaction with GRP94 in gastric cancer, which remains ambiguous and has recently garnered research attention. WB

analysis revealed that shGRP94 cells exhibit increased phosphorylated YAP (pYAP) but decreased SP1 and TEAD1 compared to controls in
4 iScience 27, 110638, September 20, 2024



Figure 2. Knockdown of GRP94 suppressed anoikis resistance, migration, and invasion of GC cells in vitro

(A and B) GC cells underwent a culture in plates either precoated with poly-HEMA or without it for 48 h. Apoptosis rates in both attached and detached cells were

assessed using flow cytometry, following staining with annexin V-APC/7-AAD. The experiment was repeated three times.
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Figure 2. Continued

(C and D) Ethd-1/calcein blue AM staining was performed to assess the apoptosis rate of MKN-45 and 746T cells. The working concentrations of calcein blue AM

and EthD-1 were 2 mM and 4 mM, respectively. Displayed images are at 203 magnification with a scale bar representing 250 mm.

(E and F) Wound closure was documented at 24 h (for MKN-45) or 48 h (for 746T). The black lines demarcate the wound boundaries. Displayed images are at 203

magnification with a scale bar representing 250 mm.

(G and H) Upon GRP94 knockdown, a decrease in the number of cells traversing the membrane was observed in both migration and invasion assays for MKN-45

and 746T cells. The images are magnified 1003, and the scale bar corresponds to 50 mm. (ns, *p < 0.05; **p < 0.01; ***p < 0.001. Results are shown as mean G

SEM.).
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MKN-45, 746T, and HGC-27 cells, while upregulatedGRP94 resulted lower phosphorylated YAP (pYAP) but higher SP1 and TEAD1 levels (Fig-

ure 4A). Transcriptome sequencing revealed a significant downregulation of IL-6, targeting YAP/TEAD1 pathway23,24 (Figure S2B). This was

supported by Kyoto Encyclopedia of Genes and Genomes analysis and Gene Set Enrichment Analysis, showing an enrichment in cytokine-

cytokine receptor interactions (Figures S2C and S2D), and corroborated by protein-protein interaction networks and ELISA, confirming

GRP94’s interaction with IL-6 (Figures S2E and S2F). GEPIA data indicates a moderate correlation between IL-6 and YAP/TEAD1 expression,

which may partially explain the YAP/TEAD1 pathway suppression following GRP94 knockdown (Figure S2G). After knocking down IL-6 using

siRNAs, the pYAP levels significantly increased, accompanied by the significant decrease in TEAD1 levels (Figures S2H and S2I).We employed

verteporfin as an inhibitor and GA-017 as an activator of YAP. Verteporfin treatment increased phosphorylation of YAP at ser109, ser127, and

ser397 sites, subsequently inhibiting TEAD1 expression, while GA017 inhibited YAP phosphorylation at ser109 and ser127 sites, enhancing

TEAD1 expression (Figure 4B). Flow cytometry (FCM) and Ethd-1/calcein blue staining experiments revealed that reduced pYAP levels re-

sulted in decreased anoikis, a trend that was reversed with increased pYAP levels (Figures 4C–4F). We also found that knocking down IL-6

(Figures S3A and S3B) or SP1 (Figures S3C–S3E) significantly increased the apoptosis rate of GC cells after suspended culture. Furthermore,

verteporfin reduced, whereas GA-017 enhanced, the migration and invasion abilities of HGC-27-GRP94 and MKN-45-shGRP94 cells respec-

tively, confirmed by wound healing (Figures 4G and 4H) and Transwell assays (Figures 4I and 4J).

GRP94 was observed to enhance the peritoneal metastasis of GC in xenograft mice models

Micewere injected intraperitoneallywitheitherMKN-45-shGRP94orMKN-45-shCtrl cells toevaluate the impactofGRP94onGCmetastasis. H&E

staining is used to confirm the formation of tumors (Figure S3F). The shGRP94 group presented fewermetastatic nodules compared to the shCtrl

group (Figures5Aand5B). In vivo imaging system (IVIS) further revealed that the tumorburden in the shGRP94groupwas less pronounced than in

the shCtrl groups within the peritoneal region (Figures 5C and 5D). IHC staining demonstrated an elevated expression of E-cadherin and a

reducedexpressionofN-cadherin in the shGRP94group, confirming the inhibitory roleofGRP94knockdownonGCmetastasis in vivo (Figure 5E).

DISCUSSION

GC is the fifth most commonly diagnosed cancer worldwide, with 768,793 recorded deaths in 2020.25 A significant challenge in its clinical

treatment is peritoneal metastasis. While GRP94 has been linked to metastatic GC, its molecular mechanism is not yet clearly understood.

Our study delineates the relationship between GRP94 and the YAP/TEAD1 axis, which contributes to GC cells resistance to apoptosis, deep-

ening our understanding of GRP94’s role in metastatic GC (Figure 5F).

Elevated levels of GRP94 were observed in tumor tissues in comparison to adjacent normal tissues, correlating with poor progression. The

process leading to peritoneal metastasis in GC is multifaceted. It is believed that GC cells, once detached from the primary tumor’s extra-

cellular matrix, resist apoptosis during metastasis and eventually colonize areas like the visceral peritoneum or omentum.26 GRP94 plays a

protective role in cells under stress and has been associated with poor outcomes in several cancer types.27–29 However, its relationship

with anoikis resistance in GC remained unexplored until now. Our findings indicated that while attached culture did not impact the apoptosis

rate between shGRP94 and shCtrl groups, GRP94 knockdown weakened anoikis resistance, migration, and invasion abilities. This was further

validated in vivo using a xenograft assay where GRP94 knockdown resulted in fewer abdominal metastases.

A significant aspect of our study was to identify the pathway through which GRP94 functions. Considering that integrins,30,31 LRP6,32 and

GARP33 areGRP94 clients, we attempted to explore whether integrins, LRP6-b-catenin, andGARP-TGF-b signaling are associatedwith GRP94

mediated resistance to anoikis and metastasis in GC cells. The results showed that knocking down GRP94 significantly reduced the protein

levels of GARP, TGF-b1, and b-catenin in MKN-45 and 746T cells (Figure S4A).

Additionally, WB analysis also pointed to significant inhibition of YAP/TEAD1 pathway due to GRP94 knockdown, which has rarely been

studied before. Although GRP94’s primary function is aiding client proteins to achieve proper conformation,34 our coIP failed to identify any

direct interaction between GRP94 and YAP (Figure S4B), hinting at an indirect mechanism. Known YAP-TEAD inhibitor verteporfin has shown

efficacy in reducing tumor metastasis and recurrence across various cancer types. For instance, verteporfin hindered tumor migration and

invasion in preclinical GBM models,35 while decreased YAP expression similarly suppressed metastasis in NSCLC cells.36 Our results, using

verteporfin and GA-017 (a YAP activator), were consistent with these findings. However, our study did not elucidate the specific mechanisms

by which changes in the YAP pathway mediate resistance to anoikis. One possible explanation is the alteration of reactive oxygen species

(ROS) levels. Previous studies have shown that ROS production significantly increases in breast epithelial cells after detachment from the

extracellular matrix,37 and excessive ROS is known to be associated with apoptosis. Recently, the relationship between ROS and the YAP

pathway has gained attention. One study indicated that knocking down YAP in human aortic endothelial cells rescued the inhibition of

ROS generation by CoQ10.38 Conversely, another study demonstrated that chaetocin-induced ROS promoted glioma cell apoptosis by
6 iScience 27, 110638, September 20, 2024



Figure 3. Overexpression of GRP94 enhanced anoikis resistance, migration and invasion in GC cells in vitro

(A and B) GC cells with elevated GRP94 levels were subjected to poly-HEMA treatment for 48 h. The apoptosis rate was determined using FCM. The experiment

was repeated three times.

(C and D) Ethd-1/calcein blue AM staining was performed to assess the apoptosis rate of HGC-27 cells. The working concentrations of calcein blue AM and

EthD-1 were 2 mM and 4 mM, respectively. Displayed images are at 203 magnification with a scale bar representing 250 mm.

(E and F) GRP94 overexpression improved the wound healing capabilities of HGC-27 cells, as visualized with a 203 magnification (scale bar: 250 mm).

(G and H) Transwell assays illustrated enhanced invasive andmigratory aptitudes in HGC-27 cells due to GRP94 overexpression, visualized at 1003magnification

(scale bar: 50 mm). (ns, *p < 0.05; **p < 0.01; ***p < 0.001. Results are shown as mean G SEM.).
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increasing YAP1 levels.39 Given these conflicting perspectives, further investigation is necessary to explore the role of ROS in GRP94-medi-

ated resistance to anoikis in gastric cancer cells through the YAP pathway.

In conclusion, our work unveiled the relationship between GRP94 and anoikis resistance in GC, shedding light on the underlying mech-

anisms of metastasis. The research breaks new ground by linking GRP94’s function to the inhibition of the YAP/TEAD1 pathway, a novel

finding in GC research, and opens new perspectives in understanding cancer progression and potential therapeutic approaches.

Limitations of the study

While a potential therapeutic target is identified, there are still gaps in our understanding. Notably, the cause behind the increase in YAP

phosphorylation remains unexplored. Besides, future research should includemore clinical samples of GCpatients, especially thosewith peri-

toneal metastasis, for more comprehensive survival analysis, thereby enhancing our understanding of GCmetastasis and potential therapeu-

tic approaches.

STAR+METHODS

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

d KEY RESOURCES TABLE
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Figure 4. The YAP/TEAD1 axis promoted anoikis resistance, migration, and invasion of GC cells

(A) WB analysis revealed the inhibition of the YAP/TEAD1 pathway in MKN-45, 746T, and HGC-27 cells, as a consequence of GRP94 knockdown, while GRP94

overexpression activated the YAP/TEAD1 pathway in HGC-27 cells.

(B) Verteporfin increased YAP phosphorylation, reducing TEAD1 expression, while GA-017 had the opposite effect.

(C and D) Verteporfin (Ver) negated the anoikis resistance observed in HGC-27-GRP94 cells. Conversely, YAP activation increased the anoikis resistance in MKN-

45-shGRP94 cells, as shown by FCM. The experiment was repeated three times.

ll
OPEN ACCESS

8 iScience 27, 110638, September 20, 2024

iScience
Article



Figure 4. Continued

(E and F) Ethd-1/calcein blue AM staining was performed to assess the apoptosis rate of HGC-27 and MKN-45 cells, with the application of verteporfin and GA-

017. The working concentrations of calcein blue AM and EthD-1 were 2 mM and 4 mM, respectively. Displayed images are at 203 magnification with a scale bar

representing 250 mm.

(G and H) A wound healing assay assessed the impact of YAP on GRP94 using verteporfin and GA-017. Scale bar: 250 mm at 203 magnification.

(I and J) Verteporfin mitigated the enhanced migration and invasion capacities of HGC-27 cells induced by GRP94. In contrast, GA-017 offset the migration and

invasion inhibitions in MKN-45 cells caused by GRP94 downregulation. The scale bar, 50 mm, 1003magnification. (ns, *p < 0.05; **p < 0.01; ***p < 0.001. Results

are shown as mean G SEM.).
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Figure 5. GRP94 was observed to enhance the peritoneal metastasis of GC in xenograft mice models

(A and B) GFP-labeled MKN-45-shCtrl and MKN-45-shGRP94 cells were intraperitoneally injected into two groups of six nude mice each. The subsequent count

revealed the number of metastatic tumors (white arrows and lines).

(C and D) Using IVIS, total radiant efficiency was determined, with regions of interest highlighted by blue boxes in the image.

(E) Upon sacrificing the mice, potential tumor nodules were harvested from them and analyzed for E-cadherin and N-cadherin expression using IHC.

(F) A schematic illustrates the proposedmechanism through which GRP94 promotes GC progression. (ns, *p< 0.05; **p< 0.01; ***p< 0.001. Results are shown as

mean G SEM).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-GRP94 Abcam Cat#Ab238126; RRID: AB_3271551

anti-YAP CST Cat#14074; RRID: AB_2650491

anti-YAP-109 CST Cat#53749; RRID: AB_2799445

anti-YAP-127 CST Cat#13008; RRID: AB_2650553

anti-YAP-397 CST Cat#13619; RRID: AB_2650554

anti-SP1 ABclonal Cat#A19649; RRID: AB_2862714

anti-TEAD1 ABclonal Cat#A5218; RRID: AB_2863490

anti-ITGB3 ABclonal Cat#A19073; RRID: AB_2862565

anti- ITGB4 ABclonal Cat#A4596; RRID: AB_2863306

anti-GARP Proteintech Cat#26021-1-AP; RRID: AB_2880339

anti-TGF-b1 ABclonal Cat#A25313; RRID: AB_3271553

anti-LRP6 ABclonal Cat#A22661; RRID: AB_3271554

anti-b-Catenin ABclonal Cat#A19657; RRID: AB_2862719

anti-GAPDH Proteintech Cat#HRP-60004; RRID: AB_2737588

Biological samples

Human stomach samples Ruijin Hospital, Shanghai Jiao Tong University

School of medicine

N/A

Chemicals, peptides, and recombinant proteins

RIPA lysis buffer Invitrogen Cat#89900

Protease Inhibitor Cocktail MCE Cat#HY-K0010

Phosphatase Inhibitor Cocktails I MCE Cat#HY-K0021

Phosphatase Inhibitor Cocktails II MCE Cat#HY-K0022

Phosphatase Inhibitor Cocktails III MCE Cat#HY-K0023

super sensitive ECL luminescence reagent Meilunbio Cat#MA0186

puromycin Yeasen Biotechnology Cat#60209ES10

matrigel Corning Cat#354234

Annexin V-APC BD Biosciences Cat#550474

7-AAD BD Biosciences Cat#559925

Calcein Blue AM Abcam Cat#Ab275490

EthD-1 Abbkine Cat#BMD0060

Critical commercial assays

RNA-Quick Purification Kit ES Science Cat#RN001

HiScript III RT SuperMix Vazyme Cat #R333

ChamQ Universal SYBR qPCR Master Mix Vazyme Cat #Q711

Deposited data

RNA sequencing data for GRP94 knockdown GEO Database GEO: GSE267811

Experimental models: Cell lines

MKN-45 Dr. Yu Beiqin, Shanghai Jiao Tong University

School of Medicine

N/A

746T Procell Cat #CL-0115

(Continued on next page)

iScience 27, 110638, September 20, 2024 13



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MGC-803 Shanghai Key Laboratory of Gastric

Neoplasms, Ruijin Hospital

N/A

HGC-27 Dr. Su Liping, Shanghai Jiao Tong University

School of Medicine

N/A

NCI-N87 Shanghai Key Laboratory of Gastric

Neoplasms, Ruijin Hospital

N/A

GES-1 Shanghai Key Laboratory of Gastric

Neoplasms, Ruijin Hospital

N/A

Experimental models: Organisms/strains

BALB/c-nude mice Cyagen Biosciences Cat #C001217

Oligonucleotides

Primer: GRP94 F:

TATTCATCACAGACGACTTC

This paper N/A

Primer: GRP94 R:

GCTTCTTCCTAATCACCTTA

This paper N/A

Primer: GAPDH F:

GTCTCCTCTGACTTCAACAGCG

This paper N/A

Primer: GAPDH R:

ACCACCCTGTTGCTGTAGCCAA

This paper N/A

Primer for ChIP: GRP94 F:

CACGAATGGCTAGGATCCCC

This paper N/A

Primer for ChIP: GRP94 R:

TAGTCCATGACGCAAGCGAG

This paper N/A

Software and algorithms

ImageJ ImageJ RRID: SCR_003070

Image Pro Plus Media Cybernetics RRID:SCR_007369

FlowJo BD Biosciences RRID:SCR_008520

Graphpad Prism GraphPad Software RRID:SCR_002798
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chen Li

(leedoctor@sina.com).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� RNA sequencing data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are

listed in the key resources table.
� 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 patient samples

Forty pairs of GC tissues and adjacent non-tumor tissues were procured from Ruijin Hospital, Shanghai Jiao Tong University School of med-

icine. All participants identified racially as Asian and ethnically as Han Chinese, which is the predominant ethnic group in China. All samples

came from patients who hadn’t undergone therapy. Informed consent was obtained prior to sample collection. This experiment was
14 iScience 27, 110638, September 20, 2024
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approved by the Ethics Committee of Shanghai Jiaotong University, School of Medicine Affiliated Ruijin Hospital. Subsequently, samples

were fixed with 4% Paraformaldehyde in preparation for IHC staining.

Animal tumor transplantation

6-week-old female BALB/c-nude mice were sourced from Cyagen Biosciences (Taicang, China) and housed accordingly. Cell lines MKN-45-

shGRP94-Ctrl and MKN-45-shGRP94 were prepared using trypsin and then resuspended in PBS. These cells were subsequently introduced

into the mice’s abdominal cavity (53106 cells/150 mL/mouse). Tumor development and metastasis were monitored utilizing optical in vivo

imaging (PerkinElmer IVIS Lumina Series III, Waltham, MA, USA). At the culmination of 40 days, all mice were humanely euthanized, docu-

mented, and peritoneal metastasis nodules were counted. Our experiments were sanctioned by the Institutional Laboratory Animal Ethics

Committee (TACU23-FY019).

METHOD DETAILS

Cell line and culture

GC cell lines MKN-45, 746T, MGC-803, HGC-27, NCI-N87, and GES-1 were consistently maintained in our laboratory. Cells were cultured in

Dulbecco’s Modified Eagle Medium (containing Ala-Gln) supplemented with 10% FBS (Gibco, Carlsbad, CA, USA), 1% Penicillin/

Streptomycin (Meilunbio, Dalian, Liaoning, China), and kept at 37�C in an incubator with a 5% CO2 atmosphere.

RNA isolation and quantitative real-time PCR

Total RNA was extracted using the RNA-Quick Purification Kit (ES Science, Shanghai, China), followed by reverse transcription into cDNA us-

ing the HiScript III RT SuperMix (Vazyme, Nanjing, Jiangsu, China). Quantitative real-time PCR (real-time qPCR) was then carried out using the

ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, Jiangsu, China), adhering to the provided protocol. The primer sequences for

real-time qPCR included: GRP94-Forward (TATTCATCACAGACGACTTC), GRP94-Reverse (GCTTCTTCCTAATCACCTTA), GAPDH-Forward

(GTCTCCTCTGACTTCAACAGCG), and GAPDH -Reverse (ACCACCCTGTTGCTGTAGCCAA). Relative expression of RNA normalized to

GAPDH was calculated using 2-(DDCt) method.

Protein extraction and western blotting

Cells underwent lysis using the RIPA lysis buffer (Invitrogen, Carlsbad, CA, USA) combined with Protease Inhibitor Cocktail and Phosphatase

Inhibitor Cocktails I, II, and III (all from MCE, Shanghai, China). The protein concentration in the lysates was determined through the BCA

method. Western blotting (WB) procedures were executed based on our laboratory’s established protocols.40 Specific antibodies were em-

ployed for antigen detection, including anti-GRP94 (Abcam, Cat#Ab238126), anti-YAP (CST, Cat#14074), anti-YAP-109 (CST, Cat#53749), anti-

YAP-127 (CST, Cat#13008), anti-YAP-397 (CST, Cat#13619), anti-SP1 (ABclonal, Cat#A19649), anti-TEAD1 (ABclonal, Cat#A5218), anti-ITGB3

(ABclonal, Cat#A19073), anti- ITGB4 (ABclonal, Cat#A4596), anti-GARP (Proteintech, Cat#26021-1-AP), anti-TGF-b1 (ABclonal, Cat#A25313),

anti-LRP6 (ABclonal, Cat#A22661), anti-b-Catenin (ABclonal, Cat#A19657), anti-GAPDH (Proteintech, Cat#HRP-60004). Visualization of the re-

action was achieved using a Tacon imaging system, complemented by the super sensitive ECL luminescence reagent (Meilunbio, Dalian,

Liaoning, China). Densitometric analysis for blots was performed by ImageJ software.

Virus transduction

For virus transduction, cells underwent transfection using lentivirus and polybrene. Following this, they were screened with 5 mg/mL puromy-

cin (Yeasen Biotechnology, Shanghai, China) as per the manufacturer’s guidelines to establish stable cell lines. A week post-transfection,

GRP94 expression was validated using real-time qPCR and WB in preparation for subsequent experiments.

RNA sequencing

Total RNAwas extracted from samples using TRIzol (Invitrogen, Carlsbad, CA, USA) according to themanufacturer’s instructions. Sequencing

was conducted on an Illumina Novaseq 6000 platform. Differential expression analysis of genes was performed with DESeq2, setting a

threshold of Q value <0.05 and a fold change >2 or <0.5 for significant differential expression. For pathway analysis, differentially expressed

genes (DEGs) were analyzed for KEGG pathway enrichment using R (version 4.2.2), and Gene Set Enrichment Analysis (GSEA) was carried out

using GSEA software.

Immunohistochemistry staining

Immunohistochemistry (IHC) staining was conducted on paraffin sections which were deparaffinized in xylene and rehydrated in a graded

ethanol series. Antigen retrieval was performed using citrate buffer (pH 6.0) and microwave heating. Sections were blocked with 3% BSA

and incubated with primary antibody overnight at 4�C, followed by an HRP-conjugated secondary antibody. DAB was used for color devel-

opment, and nuclei were counterstained with hematoxylin.41 GRP94 protein levels were deduced by averaging the density (Integrated optical

density (IOD)/Area) using Image Pro Plus software. Sampleswith high expressionwere categorized as tumor tissues showcasing higherGRP94

protein concentrations than what is considered normal.
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Wound healing assay

Cells fromMKN-45-shGRP94, 746T-shGRP94, and HGC-27-GRP94, as well as their respective negative control cell lines, were prepared in sin-

gle cell suspensions and placed in 6-well plates. Wounds were introduced using 20 mL pipette tips, with photographs taken at intervals: 0, 1,

and 2 days. Each experiment was conducted thrice.
Migration and invasion assays

For the migration assay, 700 mL of DMEM infused with 10% FBS was added to the lower chamber (Corning, Cat#3422, New York, NY, USA).

Between 6 and 20310^5 cells from the aforementioned cell lines, resuspended in 300 mL of serum-free DMEM, were added to the upper

chamber. The setup was left for incubation between 24 and 72 h.

Regarding the invasion assay, the same volume of DMEM was added to the lower chamber. Cells, prepared similarly, were added to the

upper chamber, which was pre-treated with 50 mL of matrigel (Corning, Cat#354234, New York, NY, USA). The subsequent incubation period

also spanned 24–72 h.

Post-incubation, cells were treated with methanol for 30 min, stained using 0.1% crystal violet, and examined under 1003 magnification.

Quantification of the cells was achieved via ImageJ software.
Suspension culture of adherent cells

10 mg/mL poly-HEMA ethanol solution was evenly spread in a sterilized 6-well plate, using 400 mL per well. This action was repeated once the

ethanol evaporated. Post three PBS washes, GC cells, treated with trypsin to create a single cell suspension, were transferred to the poly-

HEMA coated plate. Their suspension culture was subsequently observed.
Flow cytometry analysis of apoptosis and anoikis

GC cells, post a 48-h suspension culture, were prepared for flow cytometry (FCM) analysis. Staining was done using Annexin V-APC (BD Bio-

sciences, Cat#550474, NJ, USA) and 7-AAD (BD Biosciences, Cat#559925, NJ, USA). And a following analysis was conducted with the flow

cytometer (BD Biosciences, NJ, USA). We calculated the apoptosis rate by summing the results from the Q2 and Q3 quadrants.
Ethd-1/Calcein Blue AM staining

Suspended GC cells were collected and centrifuged, and washed 3 times with PBS. Then, the cells were resuspended with a working concen-

tration of 2 mM of Calcein Blue AM (Abcam, Cat#Ab275490) and 4 mM of EthD-1 (Abbkine, Cat#BMD0060) solution, and the cell density was

adjusted to 53 106/mL. After incubating in the dark for 20 min at room temperature, the cells were washed 3 times with PBS again, and then

observed and photographed using a fluorescence microscope.
Dual luciferase reporter assay

The human wild type and mutant GRP94 promoter regions (103928410–103930459) were integrated into the pGL3-basic vector, with

pcDNA3.1-SP1 procured from Genomeditech (Shanghai, China). To explore the interplay between SP1 and GRP94, HGC-27 cells were

seeded in 24-well plates. These cells were then co-transfected with either wild-type or mutant GRP94 promoter luciferase reporter plasmids,

pRL-TK vector, and either pcDNA3.1- SP1 or pcDNA3.1.
Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were conducted by lysing cells in 1mL of ChIP Lysis Buffer, followedby sonication to shear DNA

(30 s on, 30 s off, 99% power, total 30 min). The lysates were centrifuged at 12,000 rpm for 10 min at 4�C to collect the supernatant. For immu-

noprecipitation, 50 mL of supernatant was saved as input control and 450 mL was incubated with TEAD1 or Rabbit IgG antibodies at 4�C over-

night. The antibody-bound complexes were captured with Protein G magnetic beads, washed, and the DNA was eluted and purified.42

The primer sequences for the following real-time qPCR included: GRP94-Forward (CACGAATGGCTAGGATCCCC), GRP94-Reverse

(TAGTCCATGACGCAAGCGAG).
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical evaluations were performed using the two-tailed Student’s t test throughGraphPad Prism 8 (GraphPad Software, LaJolla, CA, USA).

A significance level of 0.05 was predetermined. Asterisks in results represent levels of statistical significance (*p < 0.05, **p < 0.01,

***p < 0.001).
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