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Abstract

Cancer-associated mutations in the guanosine triphosphatase (GTPase) RHOA are found at 

different locations from the mutational hotspots in the structurally and biochemically related RAS. 

Tyr42-to-Cys (Y42C) and Leu57-to-Val (L57V) substitutions are the two most prevalent RHOA 

mutations in diffuse gastric cancer (DGC). RHOAY42C exhibits a gain-of-function phenotype 

and is an oncogenic driver in DGC. Here, we determined how RHOAL57V promotes DGC 

growth. In mouse gastric organoids with deletion of Cdh1, which encodes the cell adhesion 

protein E-cadherin, the expression of RHOAL57V, but not of wild-type RHOA, induced an 

abnormal morphology similar to that of patient-derived DGC organoids. RHOAL57V also exhibited 

a gain-of-function phenotype and promoted F-actin stress fiber formation and cell migration. 

RHOAL57V retained interaction with effectors but exhibited impaired RHOA intrinsic and GAP-

catalyzed GTP hydrolysis, which favored formation of the active GTP-bound state. Introduction of 

missense mutations at KRAS residues analogous to Tyr42 and Leu57 in RHOA did not activate 

KRAS oncogenic potential, indicating distinct functional effects in otherwise highly related 

GTPases. Both RHOA mutants stimulated the transcriptional co-activator YAP1 through actin 

dynamics to promote DGC progression; however, RHOAL57V additionally did so by activating the 

kinases IGF1R and PAK1, distinct from the FAK-mediated mechanism induced by RHOAY42C. 

Thus, RHOAL57V and RHOAY42C drive the development of DGC through distinct signaling 

mechanisms.

INTRODUCTION

The RAS homologous (RHO) small guanosine triphosphatases (GTPases; such as RHOA 

and RAC1) function as signaling nodes that relay extracellular signals to cytoplasmic 

signaling networks that control diverse cellular processes (1–4). RHOA acts as a molecular 

on-off binary switch that cycles between active guanosine triphosphate (GTP)-bound and 

inactivate guanosine diphosphate (GDP)-bound states. Whereas RHOA-selective guanine 

nucleotide exchange factors (GEFs) stimulate intrinsic GDP-GTP nucleotide exchange 

to promote RHOA-GTP formation, RHOA-selective GTPase-activating proteins (GAPs) 

accelerate intrinsic GTP hydrolysis activity and formation of inactive RHOA-GDP. Guanine 

nucleotide dissociation inhibitors (GDIs) interact with geranylgeranyl lipid-modified and 

membrane-associated RHOA and sequester the GTPase in the cytosol, preventing RHOA 

activation and promoting degradation. Active GTP-bound RHOA binds to a functionally 

diverse spectrum of effectors to regulate signaling networks that control actin-mediated 

processes that include cell motility, cell adhesion, and cell cycle progression (5, 6).
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Mutationally activated RAS genes (H/K/NRAS) were identified in cancer four decades 

ago and comprise the most frequently mutated oncogene family in a diverse spectrum of 

cancer types (7–9). Missense mutations in RAS occur predominantly at codons encoding 

Gly12, Gly13, and Gln61 (commonly known and referred to hereafter as G12, G13, and 

Q61, respectively) with mutation- and tissue-specific differences in their frequencies and 

biological functions (10–12). In contrast, cancer-associated missense mutations in RHOA 

and RAC1 were identified only recently and are found in a very restricted set of cancer 

types (13–16). Additionally, despite the conservation of amino acid residues corresponding 

to RAS mutational hotspots, surprisingly, cancer-associated RHOA and RAC1 mutations are 

found at strikingly different residues (16).

Gastric cancer is the fifth most common malignancy and the third leading cause of cancer 

death worldwide (17). Diffuse gastric cancer (DGC) is the most aggressive, lethal variant 

of gastric cancer (18, 19). DGC lacks clinically effective therapies in part because the 

molecular mechanisms driving DGC tumorigenesis are not well characterized. One of the 

most frequent genetic events in DGC is the somatic inactivation of the canonical tumor 

suppressor CDH1 (18–20), encoding the cell adhesion protein E-cadherin that regulates the 

cell-cell adhesion, mobility, and proliferation of epithelial cells (21). Full exome sequencing 

studies identified RHOA mutations in 15–26% of DGC that often co-occur with CDH1 loss 

(18–20, 22). The most prevalent RHOA mutations in DGC encode Y42C and L57V amino 

acid substitutions, and both are found at locations distinct from cancer-associated RAS and 

RAC1 alterations (16). We previously determined that RHOAY42C acts as an oncogenic, 

gain-of-function mutant in DGC (23). Expression of RHOAY42C, together with CDH1 loss, 

induced DGC growth through focal adhesion kinase (FAK)-mediated activation of PI3K-

AKT-β-catenin and YAP1 signaling. RHOAY42C promoted metastasis, cell proliferation, 

and an immunosuppressive tumor microenvironment (23, 24). Mechanistically, RHOAY42C 

exhibited impaired GTP hydrolysis activities, favoring the formation of the active GTP-

bound state, and additionally showed impaired effector binding (23).

The L57V substitution occurs in a different region in RHOA than Y42C, suggesting that 

these mutations induce distinct consequences for RHOA function. The Leu57 residue is 

located adjacent to the flexible switch II region which is involved in binding of regulatory 

proteins and effectors (2). However, the role of Leu57 in RHOA wild-type (RHOAWT) 

binding to GDP/GTP, regulatory proteins or effectors is unknown. Leu57 is conserved among 

RHOA, RAC1 and RAS (fig. S1A), yet Leu57 alterations in cancer have been described 

only for RHOA. Mutations at analogous residues in RAS or other RHO family proteins, 

which would enable extrapolation of the consequences of a mutated Leu57 residue, have 

not been described. In contrast to the RAS oncogenes and even to other cancer-associated 

RHOA mutations, only one Leu57 substitution (L57V) has been found in cancer, although 

five different single-base substitutions are hypothetically possible (fig. S1B), emphasizing 

the potentially unique function of RHOAL57V. Our understanding of RHOAL57V as a driver 

of DGC is limited. RHOAL57V has been shown to cause a loss-of-function phenotype 

because of impaired binding to the effector Rhotekin in pulldown studies (20), a standard 

approach to measure RHOA-GTP levels in cells. However, the same study also found 

that RHOAL57V stimulated organoid growth, suggesting a gain-of-function phenotype. One 

possible explanation for these conflicting results is that the L57V mutation may impair 
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binding to Rhotekin but not to other effectors, similar to what we found for RHOAY42C 

(23). If so, the Rhotekin pulldown approach would not correctly reflect the active GTP levels 

of RHOAL57V. It remains to be identified which biochemical and signaling consequences 

RHOAL57V induces for RHOA function and whether RHOAL57V acts as gain- or loss-of-

function mutation in driving DGC tumorigenesis.

In this study, we characterized the consequences of the L57V substitution on RHOA 

function. We determined that, like Y42C, L57V also caused a gain-of-function phenotype 

and promoted DGC development. However, each mutant exhibited distinct biochemical 

alterations and stimulated distinct signaling activities, but both converged on YAP1 

activation. Finally, saturation mutagenesis of KRAS at residues analogous to RHOA Tyr42 

and Leu57 did not lead to oncogenic activation, providing a basis for the distinct mutational 

paths that RHOA and RAS take in human carcinogenesis.

RESULTS

RHOAL57V disrupts the morphology of gastric organoids and induces a DGC-like 
phenotype

Y42C and L57V comprise the two most prevalent (each at 21%) RHOA mutations in DGC 

(16). However, they are found in divergent structural regions of RHOA, suggesting that they 

cause distinct consequences for RHOA function (Fig. 1A and fig. S1A). To study the role of 

RHOAL57V in DGC development, we applied an experimental approach that we described 

previously to evaluate the activity of the DGC-associated RHOAY42C mutant (23).

We generated a mouse-derived gastric organoid model in which we induced lentiviral 

mediated exogenous expression of RHOAL57V together with tamoxifen-mediated loss of 

the endogenous canonical tumor suppressor Cdh1, the most common genetic event in DGC 

(18–20). In mice, we introduced the Mist1CreERT2 allele encoding tamoxifen-induced 

Cre recombinase in the Mist1 locus (Fig. 1B), which is a marker of gastric chief cells 

expressed in isthmus stem cells (25–27). In addition, we added the conditional Cdh1 allele 

(Cdh1Flox/Flox) and the R26mTmG ‘Tomato-GFP’ allele which allowed identification of 

Cre-recombined cells by their change from red (tomato) to green (GFP) fluorescence. We 

isolated gastric organoids and induced Cdh1 loss in vitro by the addition of tamoxifen. Cdh1 
deletion was directly verified by loss of E-cadherin protein expression (Fig. 1C). Next, we 

stably expressed HA-epitope-tagged RHOAWT or RHOAL57V in Cdh1−/− organoids using 

lentiviral expression vectors (Fig. 1B). After selecting for mass populations of puromycin-

resistant cells, the expression of each RHOA variant was confirmed by immunoblot 

analyses. The HA-tagged RHOA WT and L57V proteins were expressed at comparable 

levels (Fig. 1D) and comparable to endogenous RHOA expression (fig. S1, C and D).

When we ectopically expressed RHOAWT or control empty vector (EV) in Cdh1−/− 

organoids, the organoids retained their spherical forms with hollow interiors (Fig. 1, E 

to G). In contrast, expression of RHOAL57V disrupted the symmetric organoid morphology 

and induced central filling. This phenotype is associated with cellular transformation and 

similar to that observed in DGC patient-derived organoids (23, 28, 29). Histologic analyses 

by hematoxylin and eosin (H&E) staining to visualize nuclei and cytoplasm/extracellular 
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matrix, respectively, confirmed that Cdh1−/− organoids expressing RHOAL57V, but not 

RHOAWT or empty vector, exhibited signet-ring cells (Fig. 1F), a characteristic histologic 

feature of DGC. The presence of signet-ring cells was further verified and quantitated by 

positive alcian blue staining for mucin expression (Fig. 1G, fig. S1E) (23, 30). In summary, 

RHOAL57V together with Cdh1 loss caused an abnormal morphology of gastric organoids, 

comparable to the phenotype we observed with RHOAY42C in Cdh1-null gastric organoids 

(23), and induced a similar phenotype as observed in DGC patients.

RHOAL57V is a gain-of-function mutant that promotes F-actin stress fiber formation and 
cell migration

We next assessed whether the L57V mutation caused a gain-of-function RHOA phenotype. 

The best characterized cellular function associated with RHOA activation is the stimulation 

of actin stress fibers (1–4). Previous studies showed that lab-generated constitutively 

activated RHOA with mutations (G14V and Q63L) at residues analogous to cancer-

associated RAS alterations (fig. S1A) showed gain-of-function cellular phenotypes when 

ectopically expressed in NIH/3T3 and Swiss 3T3 mouse fibroblast cell lines (31–33). 

To determine if the L57V substitution causes a comparable gain-of-function, we stably 

expressed RHOAL57V in NIH/3T3 cells (Fig. 2, A and B). We first evaluated the ability 

of RHOAL57V to stimulate F-actin stress fiber formation. Consistent with previous findings 

(34), RHOAQ63L but not WT expressing NIH/3T3 cells showed increased formation of F-

actin stress fibers (Fig. 2, C and D, fig. S1F). Similar to what we observed with RHOAY42C 

(23), RHOAL57V also stimulated comparable development of F-actin stress fibers to levels 

intermediate between that seen with RHOAQ63L and RHOAWT.

Next, we analyzed the effects of RHOAL57V on cell adhesion to the extracellular matrix, 

a RHOA-dependent activity promoted by stress fiber formation (6, 35). As we described 

previously (23), expression of RHOAWT and RHOAQ63L reduced NIH/3T3 cell adhesion to 

fibronectin (Fig. 2E). In contrast, RHOAL57V, as we observed with RHOAY42C (23), also 

did not alter cell-matrix adhesion.

Finally, we evaluated the consequences of RHOAL57V on random cell migration, a process 

also linked to RHOA-mediated induction of stress fiber formation (6, 35). As we and others 

described previously (23, 36, 37), RHOAQ63L but not RHOAWT decreased the migration 

velocity of NIH/3T3 cells (Fig. 2F), whereas like RHOAY42C, RHOAL57V expressing 

fibroblasts showed increased velocity. In summary, RHOAL57V induces a gain-of-function 

phenotype that is distinct from the lab-generated constitutively activated RHOAQ63L 

mutant and, instead, is comparable to the cellular activities seen with the DGC-associated 

RHOAY42C mutant (23).

RHOAL57V exhibits impaired GTP hydrolysis activities

We next sought to identify the molecular basis for our observed cellular phenotypes of 

the gain-of-function RHOAL57V mutant. The Leu57 residue is localized adjacent to the 

switch II region and is highly conserved among the RHO family GTPases (Fig. 1A and 

fig. S1A (2)). Mutations at analogous residues have been not described in other RHO 

or RAS proteins. Thus, the roles of Leu57 in GDP-GTP regulation of RHOA and in the 
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RHOA interaction with regulatory proteins and effectors remain to be determined. For 

these analyses, we utilized cell-based assays to evaluate RhoGDI binding and Escherichia 
coli (E.coli)-expressed recombinant proteins for in vitro biochemical analyses to evaluate 

intrinsic and regulated GDP-GTP cycling, and effector binding.

RhoGDI1 binds to and sequesters geranylgeranyl isoprenoid lipid modified RHOA, 

regulating membrane association, subcellular localization and protein stability (1, 2). Lab-

generated mutations that disrupt GDP-GTP regulation (G14V and Q63L) impair RHOGDI1 

association and promote enhanced RHOA association with membranes (38). Alterations 

that impair RHOA binding with RHOGDI1 (D45A and D185A) decrease protein stability, 

but increase its GTP-bound activation state (39). Therefore, we investigated if L57V alters 

the interaction with RhoGDI1. We ectopically expressed HA-tagged WT or mutant RHOA 

together with GFP-RhoGDI1 in COS-7 cells and co-immunoprecipitated HA-RHOA. As 

reported previously (40, 41), constitutively activated RHOAQ63L and dominant-negative 

RHOAT19N did not interact with RhoGDI1 (fig. S2, A and B) In contrast, RhoGDI1 binding 

to RHOAL57V was comparable to RHOAWT. Thus, altered association with RHOGDI1 is 

not a basis for the gain-of-function phenotype of RHOAL57V.

The RAC1P29S mutation found primarily in melanoma (42) and the atypical KRASA146T 

mutation in colon cancer (43) induce a gain-of-function fast cycling phenotype by 

enhancing intrinsic nucleotide exchange to favor formation of GTP-bound proteins. We next 

determined whether L57V may cause a fast-cycling alteration in RHOA. We purified E. coli 
expressed recombinant RHOA proteins and measured their intrinsic nucleotide exchange 

activity, utilizing mant-fluorophore labelled nucleotides in kinetic assays. We observed 

that RHOAL57V showed an intrinsic nucleotide exchange activity comparable to that of 

RHOAWT (Fig. 3A). We conclude that L57V does not affect intrinsic GDP-GTP cycling.

Expression of the RHOA-specific RhoGEF ECT2 is increased in gastric cancer (23) and 

ECT2 overexpression correlates with gastric cancer development and poor prognosis in 

patients (44). We showed previously that ECT2 overexpression can drive cancer growth 

(45–47). Therefore, we determined whether L57V may exhibit enhanced ECT2-catalyzed 

nucleotide exchange activity. For these analyses we utilized recombinant protein comprising 

the catalytic DH-PH domains of ECT2 (48). We determined that RHOAL57V exhibited a 

similar ECT2-stimulated nucleotide exchange activity as RHOAWT (RHOAL57V: kcat = 24.1 

× 10−4 s−1, RHOAWT: kcat = 25.5 × 10−4 s−1; Fig. 3B, fig. S2C), in the same range as 

previously measured for ECT2 and other RhoGEFs (23, 49). Our results indicate that L57V 

does not alter the ability of RhoGEFs to stimulate nucleotide exchange and thus activation of 

RHOA.

We next determined whether L57V, like the lab-generated G14V/Q63L mutations, impairs 

GTP hydrolysis to favor formation of active GTP-bound RHOA. To determine the intrinsic 

hydrolysis of GTP to GDP, we directly detected the GTP levels bound to recombinant 

RHOA proteins in high performance liquid chromatography (HPLC) analyses. As shown 

previously (23, 50), the intrinsic GTP hydrolysis of RHOAQ63L was entirely abolished 

(Fig. 3, C and D). RHOAL57V was able to hydrolyze GTP, but significantly slower than 

RHOAWT, indicating that the intrinsic inactivation of RHOAL57V is impaired.
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The lab-generated G14V/Q63L mutations also impair RhoGAP-stimulated GTP hydrolysis 

leading to enhanced formation of active GTP-bound RHOA. To determine if RHOAL57V 

is altered in RhoGAP sensitivity, we utilized the recombinant purified catalytic domain of 

the RHOA-specific RhoGAP, p190RhoGAP, expressed in gastric cancer (23) and applied a 

fluorophore-labelled phosphate-binding protein sensor to monitor GTP hydrolysis activity 

by release of the cleaved γ-phosphate. RHOAL57V displayed a significantly slower rate 

of p190RhoGAP-catalyzed GTP hydrolysis than RHOAWT (RHOAL57V: kcat = 1.9 × 10−2 

s−1, RHOAWT: kcat = 9.4 × 10−2 s−1; Fig. 3E, fig. S2D). We conclude that L57V impairs 

both intrinsic and RhoGAP-catalyzed GTP hydrolysis, thereby favoring formation of active 

GTP-bound RHOA.

RHOAL57V effector interactions are not altered

We determined recently that altered association with effectors contributes to the gain-of-

function phenotype of RHOAY42C (23). Therefore, we next investigated if L57V also causes 

alterations in RHOA interaction with effectors. For these in vitro analyses, we utilized 

recombinant RHOAL57V and recombinant proteins corresponding to the isolated RHO-GTP 

binding domains (RBDs) of the RHOA effectors (Rhotekin, ROCK, and mDia) that mediate 

RHOA regulation of actin organization (51, 52). We applied fluorescence-based assays to 

determine WT and mutant RHOA affinities to each RBD (fig. S2E). The binding affinities 

that we determined for RHOAWT are in a similar range as reported previously to Rhotekin 

(KD = 258 ± 15 nM), ROCK (KD = 439 ± 159 nM) and mDia (KD = 310 ± 50 nM) (23, 

53, 54). RHOAL57V bound with comparable affinities as RHOAWT to each of the effectors: 

Rhotekin (KD = 220 ± 10 nM), ROCK (KD = 243 ± 36 nM) and mDia (KD = 181 ± 27 

nM; Fig. 3F and fig. S2E). Although recombinant RHOAL57V bound to the RBDs of ROCK 

and mDia at slightly higher affinities than WT (at 1.8- and 1.6-fold, respectively), less 

than 10-fold changes in affinity will not likely have substantial functional consequences on 

effector signaling output in vivo (12, 23). We conclude that, unlike RHOAY42C, RHOAL57V 

is not altered in its interaction with effectors (Fig. 3G).

Unlike RHOAL57V, the analogous KRASI55V mutant is not an activated oncogene

The DGC-associated mutational hotspot residues Leu57 (L57) and Tyr42 (Y42) in RHOA are 

also conserved in the structurally and biochemically similar RAS GTPase [Ile55 (I55) and 

Tyr40 (Y40) in RAS; fig. S1A] (16). Yet, missense RAS mutations in cancer are found at 

strikingly different positions, mainly at G12, G13 and Q61. Despite their lack of occurrence 

in RHOA-mutant cancer, lab-generated mutations at RHOA residues analogous to RAS G12 

and Q61 result in constitutively activated gain-of-function phenotypes (31–33). Therefore, 

we determined if mutation of the residues in KRAS analogous to the RHOA hotspots, I55 

and Y40, may still result in a gain-of-function phenotype.

For these analyses, we utilized HA1E cells, a well-characterized and widely studied human 

epithelial cell model for evaluation of KRAS oncogenic properties (55). Weinberg, Hahn 

and colleagues showed that normal human renal epithelial cells immortalized by ectopic 

expression of SV40 large and small T antigen and the hTERT telomerase subunit are 

sensitive to one-hit growth transformation by mutant KRAS. In agreement with previous 

analyses in rodent fibroblasts (56, 57), essentially any amino acid substitutions at RAS 
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G12 and Q61 resulted in a gain-of-function, as determined by the ability to cause growth 

transformation of HA1E cells (Fig. 3H). Similarly, 17 out of 19 substitutions at G13 also 

caused a gain-of-function activation of KRAS transforming potential. In contrast, when 

we systematically mutated the residues I55 and Y40 in KRAS to all possible amino 

acids, we observed that most substitutions caused a loss-, rather than gain-of-function 

phenotype in KRAS. Whereas RHOAL57V is a gain-of-function alteration, the analogous 

lab-generated KRASI55V mutant exhibited a loss-of-function, non-oncogenic phenotype. 

These data provide a biological basis for the distinct mutational patterns seen with RHOA 

and RAS to drive cancer development despite possessing strong similarity in sequence, 

structure, and biochemistry.

RHOAL57V stimulates IGF1R and PAK1 signaling

To determine a mechanistic basis for the RHOAL57V gain-of-function cellular phenotypes, 

we applied reverse phase protein array (RPPA) to profile the signaling activation in 

Cdh1−/− gastric organoids expressing WT or mutant RHOA. Consistent with the stress fiber 

formation assays and our previous RPPA analyses (23), oncogenic RHOAY42C increased, 

relative to WT, phosphorylation of cofilin at Ser3 (fig. S3, A–C), a key downstream 

component of RHOA-ROCK signaling activation (58). Similarly, RHOAL57V also enhanced 

phosphorylation of cofilin, which is consistent with RHOAL57V stimulation of F-actin stress 

fibers through activation of ROCK effector signaling (Fig. 2, C and D).

The RPPA analyses showed divergence in the overall signaling expression/activity changes 

seen in organoids expressing RHOAWT or the DGC-associated L57V and Y42C mutants 

(fig. S3A). RHOAL57V but not RHOAWT or RHOAY42C expressing organoids showed 

significantly increased phosphorylation of the insulin-like growth factor 1 receptor 

(IGF1R) tyrosine kinase at Tyr1131 and the PAK1 serine/threonine kinase at Ser199/204 

autophosphorylation and kinase activation sites (Fig. 4, A and B). Similarly, the individual 

replicates of the RPPA analyses showed significantly enhanced levels of phosphorylated 

IGF1R (pIGF1R) and PAK1 (pPAK1) in organoids expressing RHOAL57V, but not in those 

expressing RHOAWT, RHOAY42C, or the empty vector (Fig. 4, C and D). Consistent 

with the RPPA results, immunoblot analyses in which we included additional activating 

phosphorylation sites verified significantly increased pIGF1R and pPAK1 levels in Cdh1−/− 

organoids expressing RHOAL57V but not in those expressing RHOAWT or the control empty 

vector (Fig. 4, E to G).

IGF1R phosphorylation at Tyr1131 and Tyr1135 (Fig. 4, E and F) activates IGF1R signaling, 

leading to stimulation of RHOA-dependent actin reorganization and ERK mitogen-activated 

protein kinase (MAPK) signaling to drive cell survival, proliferation, invasion and metastatic 

cancer growth (59, 60). Conversely, RHOA-induced development of stress fibers and focal 

adhesion complexes enhances IGF1R signaling. Similarly, phosphorylation at Ser144, Ser199, 

Ser204 and Thr423 induces PAK1 activity (Fig. 4, E and G) (61). PAK1 signaling has been 

linked to stimulation of actin dynamics and ERK MAPK signaling, that can then promote 

increased cell motility, survival and proliferation in cancer development (5, 62, 63).

KEGG signaling interaction network analyses of the 20 most altered RHOAL57V-specific 

proteins and phosphoproteins identified cellular processes associated with cancer growth, 
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cell proliferation and actin reorganization (Fig. 4, H and I). STRING-Gene Ontology-based 

network analyses also identified cellular processes consistent with cancer growth and cell 

proliferation (Fig. 4J, fig. S3D). These signaling activities are in line with our findings that 

RHOAL57V stimulated canonical ROCK-driven actin dynamics, and additionally, promoted 

IGF1R and PAK1 signaling to drive cell proliferation and survival.

We conclude that RHOAL57V stimulates IGF1R and PAK1 signaling, which may provide the 

signaling basis for the observed gain-of-function gastric organoid phenotype. This signaling 

mechanism is distinct from that mediated by RHOAY42C, whereby gastric oncogenesis is 

driven through FAK-mediated activation of PI3K-AKT and β-catenin signaling (23).

RHOAL57V promotes PAK1 signaling through indirect binding to PAK1

We observed increased pPAK1 levels in RHOAL57V mutant versus WT organoids (Fig. 

4, A to G). To determine if this was associated with increased PAK1 signaling, we 

evaluated the phosphorylation levels of direct substrates of PAK1. It is well established 

that PAK1 phosphorylates CRAF at Ser338 (pCRAF) and MEK1 at Ser298 (pMEK1) (14) 

which are members of the ERK MAPK cascade regulating cell proliferation and survival 

(7, 8). Our RPPA analyses revealed significantly enhanced expression levels of pCRAF in 

RHOAL57V but not in RHOAWT, RHOAY42C or empty vector expressing organoids (fig. 

S4A). Similarly, immunoblot studies showed increased levels of pMEK1 in RHOAL57V but 

not in RHOAWT or empty vector expressing organoids (Fig. 5, A and B).

PAK1 is a canonical effector for the RHO family members RAC1, CDC42, RHOJ and 

RHOQ, but not RHOA (14, 64). One possible mechanism for RHOAL57V activation of 

PAK1 may be caused by L57V alterations in RHOA structure that promote direct PAK1 

binding. To address this possibility, we utilized recombinant RHOAWT, RHOAL57V and 

RAC1WT and determined their ability to interact directly with the RAC/CDC42 (p21) 

binding domain of PAK1 expressed as recombinant GST fusion protein (PAK1-PBD). As 

expected, RAC1WT in the active GTP analog GppNHp-bound form, but not in the inactive 

GDP-bound confirmation directly interacted with PAK1-PBD (fig. S4B). In line with 

previous observations (14, 64), RHOAWT in the active or inactive form did not associate 

with PAK1-PBD. Similarly, GppNHp-and GDP-bound RHOAL57V did not directly interact 

with PAK1. We conclude that RHOAL57V promotes PAK1 activation and signaling through 

an indirect mechanism.

RHOAL57V promotes YAP1 signaling

Increased RHOA activity and induction of the actin cytoskeletal network promote YAP1 

signaling (65, 66), and we determined recently that RHOAY42C activates YAP1 signaling 

(23). Because IGF1R and PAK1 signaling have been linked with YAP1 activation (67, 68), 

we next determined if RHOAL57V-mediated gastric oncogenesis may also involve activation 

of YAP1.

PAK1 inactivates the tumor suppressor Merlin by phosphorylation at Ser518 (68, 69) 

which in turn inhibits Hippo pathway MST1/2-LATS1/2-mediated phosphorylation and 

inactivation of YAP1. Hypophosphorylated YAP1 then translocates into the nucleus and 

activates YAP1-mediated gene transcription (70–72). Given that we found enhanced 
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levels of phosphorylated and activated PAK1 and increased phosphorylation levels of the 

PAK1 substrates MEK1 and CRAF in organoids expressing RHOAL57V, we evaluated 

the expression of Ser518-phosphorylated Merlin (pMerlin) by immunoblot analyses. 

We observed significantly increased levels of inactive pMerlin in organoids expressing 

RHOAL57V, but not in those expressing RHOAWT or the empty vector (Fig. 5, A and B).

Consistent with Merlin phosphorylation and thus its inactivation, immunoblot analyses and 

immunohistochemistry (IHC) staining determined that active (non-phosphorylated), nuclear 

YAP1 expression was enhanced in RHOAL57V but not RHOAWT organoids (Fig. 5, A, 

and C to E). Finally, verifying YAP1 activation, we evaluated the expression of established 

downstream targets of YAP1 in immunoblot analyses. We found increased levels of ECT2, 

AXL, CYR61 and Survivin (73, 74) in organoids expressing RHOAL57V but not RHOAWT 

or empty vector (Fig. 5, A and F), indicating activation of YAP1 in RHOAL57V mutant 

organoids. Compared to WT, RHOAL57V did not alter expression of total YAP1 (Fig. 5A) 

or the cancer-associated transcription co-factor β-catenin (Fig. 5, G and H), contrary to 

RHOAY42C (23). In summary, like RHOAY42C, RHOAL57V promotes activation of YAP1 

signaling, but through a distinct signaling mechanism.

Cdh1−/− organoids expressing RHOAL57V are sensitive to pharmacologic inhibition of 
IGF1R and PAK

We next determined if RHOAL57V-mediated activation of IGF1R and PAK1 signaling 

contributes to RHOAL57V-mediated disruption of the symmetric spherical morphology in 

Cdh1-deficient gastric organoids (Fig.1, E to G). We treated the organoids with the clinical 

candidate IGF1R inhibitor BMS-754807 (IGF1Ri) (75) and validated target inhibition by 

immunoblot analyses for pIGF1R (Fig. 6A). IGF1Ri treatment reversed the abnormal 

morphology and the central filling seen in RHOAL57V expressing organoids, as visualized 

by H&E staining (Fig. 6B) and phase-contrast microscopy (Fig. 6C), to the level seen in 

control RHOAWT expressing organoids (Fig.1, E to G). Finally, IGF1Ri treatment impaired 

growth of RHOAL57V expressing organoids (GI50 = 179 nM, fig. S5A). The growth defect 

is likely at least partly due to IGF1Ri-induced apoptosis as indicated by increased levels of 

the apoptosis marker cleaved caspase 3 in organoids treated with IGF1Ri, but not with the 

vehicle DMSO (fig S5, B and C).

To assess a role for PAK1 signaling, we treated the RHOAL57V expressing Cdh1−/− 

organoids with the group I-selective PAK inhibitor G-5555 (PAKi) (76) and validated 

inhibition of PAK1 activity (Fig.6A). Like IGF1Ri treatment, PAKi treatment also reversed 

the RHOAL57V-induced abnormal organoid morphology and caused a partial collapse 

of their three-dimensional architecture as observed in H&E staining and phase-contrast 

microscopy analyses (Fig. 6, B and C). Similar to IGF1R inhibition, PAKi treatment 

inhibited growth of RHOAL57V expressing organoids (GI50 = 414 nM, fig. S5A) and 

increased expression of cleaved caspase 3 (fig. S5, B and C), suggesting that PAKi-induced 

apoptosis may at least partly caused the growth defect.

Concurrent inhibition of IGF1R and PAK caused the same reversion of morphology seen 

with each inhibitor alone (Fig. 6B), indicating that each activity alone is sufficient to drive 

abnormal morphology. Immunoblot analyses revealed that the combination treatment led to 
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a greater increase of the apoptosis marker cleaved caspase 3 than each inhibitor alone (fig. 

S5C). These findings support the use of pharmacologic inhibitors of IGF1R and PAK1 as a 

therapeutic strategy for the treatment of RHOAL57V-mutant gastric cancer.

DISCUSSION

Despite the conservation of RHOA residues analogous to the RAS residues that comprise 

cancer-associated mutational hotspots (such as G12 and Q61 in RAS), RHOA mutations 

in cancer are found at strikingly different locations in the G domain (13–16). DGC lacks 

effective therapies and has one of the highest RHOA mutation frequencies in cancer, with 

Y42C and L57V as the most prevalent alterations (18–20, 22). We previously identified 

RHOAY42C as an oncogene in DGC and validated FAK as RHOAY42C-specific therapeutic 

target for DGC (23). The L57V mutation is positioned in a structurally distinct region of 

the G domain. In this study, we established that, like RHOAY42C, RHOAL57V acts as a 

gain-of-function oncoprotein in promoting DGC. In contrast to RHOAY42C, which together 

with concurrent loss of E-cadherin caused activation of FAK (23), RHOAL57V expression 

induced activation of IGFR1 and PAK1; yet, both pathways converge on activation of YAP1 

(Fig. 6D). Pharmacologic inhibition of IGFR1 and PAK1 were demonstrated in organoids as 

potential therapeutic approaches for RHOAL57V-mutant DGC.

Further supporting a gain-of-function, RHOAL57V exhibited the classical RHOA function of 

constitutively activated RHOAQ63L, including stimulation of F-actin stress fiber formation in 

mouse fibroblasts. A previous study evaluating ectopic expression of WT and mutant RHOA 

in epithelial cells derived from mouse small intestine-derived organoids also indicated a 

gain-of-function phenotype for RHOAY42C and RHOAL57V (20). They showed that mutant 

but not WT RHOA caused resistance to anoikis, a form of cell death caused by loss of 

extracellular matrix interaction (77). Resistance to anoikis is a characteristic of cancer cells 

and can be achieved through various signaling mechanisms that include RHO activation.

The switch I and II regions of RHOA are involved in interaction with effectors, GEFs, 

and GAPs. Whereas Tyr42 is adjacent to the switch I region and core effector domain, 

Leu57 lies adjacent to the switch II region and the G3 consensus guanine nucleotide 

binding motif. Despite their distinct locations within the RHOA G domain, RHOAL57V 

exhibited, as we observed with RHOAY42C (23), impaired intrinsic and GAP-catalyzed GTP 

hydrolysis activities favoring formation of active GTP-bound RHOA. Consistent with its 

proximity to the core effector interaction domain, we determined that RHOAY42C showed 

altered binding to effectors, with a 12-fold increased affinity for ROCK, but impaired 

binding to Rhotekin (23). Although the RHOA switch II region may also be involved in 

effector interaction (78), we determined that RHOAL57V binding to effectors involved actin 

organization was not altered. It remains possible that RHOAL57V exhibits altered interaction 

with other effectors not evaluated here that may further contribute to its distinct signaling 

activities. Additionally, given that IGF1R signaling is increased in gastric tumors exhibiting 

a mesenchymal phenotype—which includes, but is not limited to, the DGC subtype (79)

—IGF1R signaling may increase the oncogenic potency of RHOAL57V in driving DGC 

tumorigenesis.
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We found that RHOAL57V, as we observed with RHOAY42C, promoted YAP1 activity, 

but through a distinct signaling mechanism (Fig. 6D). Whereas RHOAY42C activated 

YAP1 through FAK (23), RHOAL57V activated YAP1 through PAK1-mediated inhibition 

of Merlin and the Hippo tumor suppressor MST1/2-LATS1/2 pathway, leading to YAP1 

dephosphorylation (22, 80, 81). Both mutants may activate YAP1 through increased actin 

cytoskeletal organization (65–67). Because RHOAY42C and RHOAL57V together comprise 

42% of all RHOA mutations in DGC (16), activated YAP1 signaling is characteristic of a 

substantial percentage of RHOA-mutant DGC. Inhibitors of the TEAD transcription factors, 

the most common partners in YAP1-dependent gene transcription, have entered clinical 

evaluation (NCT04665206, NCT05228015) and may represent another therapeutic option 

for RHOAY42C and RHOAL57V DGC. Beyond these two mutations, R5W is next most 

common at 11% of RHOA-mutant DGC (16). This mutation is situated in yet another very 

distinct region in the G domain and, consequently, is anticipated to cause mutation-selective 

alterations to RHOA function. Whether RHOAR5W drives signaling activities that also 

converge on YAP1 will be interesting to determine.

Our results suggest that distinct hotspot mutations are found in RAS versus RHOA due 

to distinct requirements to activate their respective oncogenic potentials. This possibility is 

supported by our finding that mutating residues in KRAS analogous to RHOA L57V and 

Y42C did not activate KRAS oncogenic activity, which may explain why those KRAS 
mutations are not found in cancer. Conversely, although the lab-generated RHOAQ63L 

mutant analogous to RASQ61L exhibits gain-of-function phenotype and potently stimulates 

F-actin reorganization in mouse fibroblasts, we found that Cdh1-intact gastric organoids 

tolerated expression of Y42C and L57W, but not Q63L, mutant RHOA (23). Thus, mutation 

of RHOA at residues analogous to RAS mutational hotspots may cause a more potent gain-

of-function that is deleterious to the viability of normal gastric epithelial cells. Excessive 

RAS activation is also deleterious for cancer cell viability (82). Another possible contributor 

to the distinct hotspot mutations is DNA mutation frequencies. However, whereas virtually 

any of 19 possible amino acid substitutions at RAS G12 or Q61 activate RAS oncogenic 

potential, the cancer-associated mutational spectrum at RHOA Leu57 is limited to L57V 

(16), although four others are hypothetically possible (fig. S1B). This limited substitution 

profile suggests that the valine substitution uniquely endows RHOA with an altered activity 

that cannot be facilitated by the others. Saturation mutagenesis of RHOA Leu57 coupled 

with biochemical and cellular analyses will be needed to establish the basis for why only 

L57V is seen in cancer.

In summary, whereas essentially all cancer-associated RAS mutants drive cancer through 

sustained activation of the ERK-MAPK signaling network, RHOAY42C and RHOAL57V 

caused hyperactivation of distinct cancer signaling networks. Extending this concept, the 

most prevalent RHOA mutational hotspot in all cancers is Gly17, where mutations result in 

yet more divergent biochemical consequences, causing a dominant-negative phenotype that 

antagonizes RhoGEF function (16). Thus, RAS and RHOA take distinct paths to cancer, 

from the pattern of mutational hotspots to their consequences for GTPase function and 

signaling, to the broad versus narrow spectrum of cancer types where they arise.
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MATERIALS AND METHODS

Constructs and cell lines

To generate N-terminal hemagglutinin (HA) epitope-tagged RHOA variants, the cDNA 

sequence encoding human full-length RHOA was cloned into the pCDH-HA mammalian 

lentivirus vector as we described previously (23). To generate RHOA fusion constructs 

for E.coli recombinant protein purification, the human RHOA cDNA sequence was cloned 

into either the pPRO-TEV-His or pGEX-4T1 bacterial expression vectors that add amino-

terminal His6 or glutathione S-transferase (GST) tags, respectively (23). Site-directed 

mutagenesis using the Q5 Site-directed Mutagenesis Kit (NEB) was done according to 

manufacturer’s guidelines to generate cDNA sequences encoding RHOA mutants T19N, 

Y42C, L57V and Q63L. The cDNA sequences encoding the human ECT2 GEF catalytic 

PH-DH domain (residues 406–777) were subcloned into the pPRO-TEV-His vector and 

the RHO binding domain (RBD) of human ROCK1 (residues 947–101) in a pGEX4T1 

vector were generated as described previously (23). The plasmid pEGFP-RhoGDI1 encoding 

full-length human RhoGDI1 was obtained from Mark Philips (New York University, USA) 

and pGEX2T1-Rhotekin-RBD (mouse, residues 7–89) from Keith Burridge (University 

of North Carolina at Chapel Hill, USA). The plasmids pGEX4T1-mDia1-RBD (mouse, 

residues 69–451) and pGEX4T1-p190RhoGAP (human, residues 1250–1531, GAP domain) 

were provided by Reza Ahmadian (Heinrich-Heine University, Düsseldorf, Germany). 

COS-7 cells (RRID:CVCL_0224) and HEK293T cells (RRID:CVCL_0063) were obtained 

from the American Type Culture Collection (ATCC) and NIH/3T3 mouse fibroblasts 

(RRID:CVCL_0594) were provided by Geoffrey Cooper (Dana-Farber Cancer Institute, 

Boston, MA). Cells were maintained in DMEM supplemented with 10% fetal bovine serum 

(HEK293T, COS-7) or Colorado calf serum (NIH/3T3), penicillin, and streptomycin. Cells 

were passaged for one month or 10 passages a humidified chamber with 5% CO2 at 

37°C. Cell lines were monitored regularly for mycoplasma contamination using the Lonza 

MycoAlert Mycoplasma Detection Kit.

Antibodies

AXL (4566, RRID:AB_2062563), β-actin (12620, RRID:AB_2797972), β-catenin 

(9562, RRID:AB_331149), caspase 3 (9662, RRID:AB_331439), E-cadherin (3195, 

RRID:AB_2291471), GFP (2956, RRID:AB_1196615), IGF1R (3027, RRID:AB_2122378), 

phospho-IGF1R (Y1131) (3021, RRID:AB_331578), phospho-IGF1R (Y1135) (3918, 

RRID:AB_10548764), MEK1/2 (4694, RRID:AB_10695868), phospho-MEK1 (S298) 

(9128, RRID:AB_330810), Merlin (6995, RRID:AB_10828709), phospho-Merlin (S518) 

(9163, RRID:AB_2149793), PAK1 (2602, RRID:AB_330222), phospho-PAK1 (S199/204) 

(2605, RRID:AB_2160222), phospho-PAK1 (S144) (2606, RRID:AB_2299279), phospho-

PAK1 (T423) (2601, RRID:AB_330220), Survivin (2808, RRID:AB_2063948) and 

YAP (8418, RRID:AB_10950494) were purchased from Cell Signaling Technology. 

GAPDH (G8795, RRID:AB_1078991). HA (H3663, RRID:AB_262051), β-actin (A5441, 

RRID:AB_476744) and vinculin (V9131, RRID:AB_477629) were obtained from 

Sigma-Aldrich. ECT2 (07–1364, RRID:AB_10805932) was purchased from Millipore 

and active (non-phosphorylated) YAP (ab205270, RRID:AB_2813833) from Abcam. 

CYR61 (sc-374129, RRID:AB_10947399) and RHOA (sc-418, RRID:AB_628218) were 
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obtained from Santa Cruz Biotechnology. Anti-mouse IgG HRP-linked antibody (7076, 

RRID:AB_330924) and anti-rabbit IgG HRP-linked antibody (7074, RRID:AB_2099233) 

were purchased from Cell Signaling Technology. Phalloidin conjugated with an Alexa-488 

fluorophore (A12379) and DAPI (D3571) were obtained from Invitrogen. Antibodies used in 

the RPPA analysis are listed in data file S1.

Isolation, culturing and drugging of mouse gastric organoids

Mist1-CreERT2, Cdh1Flox/ Flox R26-mTmG mice were described previously (23) and 

maintained and used accordingly the guidelines of the Institutional Animal Care and Use 

Committee of the Dana- Farber Cancer Institute (Boston, MA). Detailed methods for the 

generation of mouse-derived gastric organoids were described previously (23). Briefly, 

the stomach was harvested upon humane sacrifice of Mist1-CreERT2, Cdh1Flox/ Flox R26-

mTmG mice, opened longitudinally and the gastric contents were removed. The tissue was 

washed with ice-cold PBS in a 90 mm dish, washed with 20 ml ice-cold PBS in a 50 

ml tube under vigorous shaking, and rinsed with ice-cold PBS in a dish. The tissue was 

transferred to a 35 mm petri dish and minced with fine scissors. Tissue fragments were 

incubated with 1 ml collagenase (Invitrogen) at 37°C under vigorous mixing every 5–10 min 

using a 1,000 μl pipette. Single epithelial units (crypts/pits) were separated from larger tissue 

fragments using a phase or dissection microscope. The epithelial units were filtrated through 

a 70 μm cell strainer (BD), followed by washing with 9 ml washing media (penicillin (100 

units/ml), streptomycin (0.1 mg/ml), L-glutamine (2 mM), and FBS (10%) in DMEM/F12 

(Invitrogen) with HEPES). The filtrate was transferred into a 15 ml tube and centrifuged 

at 200 g for 5 min. After resuspending the pellet in 0.5–1 ml washing medium, it was 

transferred to a new 1.5 ml tube, centrifuged at 200 g for 5 min and stored on ice. The 

epithelial units were resuspended in 15 μl Matrigel (Corning) per well. Fifteen μl of the 

cell-Matrigel suspension was transferred in the center of a well in a 24-well-plate and spread 

with a pipette tip. During polymerization of the Matrigel, plates were incubated upside down 

to avoid the epithelial units from attaching to the plate surface. Plates were returned to the 

upright orientation after 3–5 min and 500 μl of 50% L-WRN conditioned medium (83), a 

1:1 mix of L-WRN conditioned medium and Advanced DMEM/F-12 with 20% FBS, were 

added per well. Medium was refreshed every 48 hours. Organoids were cultured at 37°C and 

5% CO2. For organoid up-culturing, 6-well-plates with 7 aliquots cell-Matrigel suspension 

in 2.5 ml conditioned medium per well were used instead of 24-well-plates with one aliquot 

in 500 μl conditioned medium per well. To deplete Cdh1, organoids were incubated with 

2 μM tamoxifen (TAM) for 48 hours at 37°C and 5% CO2. Cdh1−/− organoids were then 

infected with lentivirus encoding HA-tagged RHOA variants or control empty vector (see 

below). Cdh1−/− organoids stably expressing RHOAL57V were treated with DMSO, the 

IGFR1 inhibitor BMS-754807 (200 nM), PAK inhibitor G5555 (200 nM) or the distinct 

combination (each 200 nM) for 48 hours (H&E staining, phase-contrast images) or 24 hours 

(immunoblotting) at 37°C and 5% CO2.

Lentiviral infection of organoids and cell lines

For organoid infection, Cdh1−/− organoids in 50% L-WRN conditioned media were 

transferred into a 15 ml tube, centrifuged at 200 x g for 5 min, resuspended in 200 μl 

trypsin-EDTA, and incubated at 37°C for 5 min. After adding 1 ml washing media (see 
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above), organoids were dissociated by vigorous pipetting and centrifuged at 200 g for 5 

min. Organoids were resuspended in 250 μl of a solution containing lentivirus, encoding 

the HA-RHOA variants, 8 μg/ml polybrene and 10 μM Y27632 (R&D). Lentivirus was 

generated as described previously (84). Each condition of the lentivirus-organoid suspension 

was transferred to a single well of a 48-well-plate, sealed with Parafilm (Bemis Co.) 

and centrifuged at 600 g at 32°C for 1 hour. Plates were incubated for 6 hours at 37°C. 

Organoids were then resuspended in 1 ml conditioned organoid media per well, transferred 

to a 1.5 ml tube and centrifuged at 200 g for 5 min. Organoids were resuspended in 20 

μl Matrigel and cultured as described above, except that the medium contained puromycin 

for 7 days to select for infected cells. For infection of NIH/3T3 fibroblasts, lentivirus was 

generated as described previously (23). Briefly, 0.9 × 106 HEK293T cells were seeded 

in a T25 flask. The next day, 500 μl OptiMEM were incubated with 25 μl Fugene 6 

(Promega), 3 μg psPax, 1 μg pMD2.G, and 4 μg pCDH-HA-RHOA variant for 15 min 

accordingly manufacture’s guidelines and added to the flasks. After overnight incubation, 

the media was changed to DMEM supplemented with 20% FBS. After additional 48 hours, 

the viral supernatant was filtrated through a 0.45 μm PES syringe filter (Nalgene) and stored 

at −80°C. In a T25 flask, 105 NIH/3T3 cells were infected with 2ml complete culture 

medium with 8 μg/ml polybrene, and 500 μl lentivirus. After 8 hours, medium was replaced 

through complete culture media. After 24 hours, infected cells were selected with media 

supplemented with 2 μg/ml puromycin for 48–72 hours.

Organoid viability assays

Organoids were dissociated using TrypLE Express (Thermo Fisher) and cells were seeded 

into ultra-low attachment 384-well plates (Corning) at 1000 viable cells per well into 20μl 

of culture media, consisting of 10% Matrigel (Corning) and 90% organoid medium. After 24 

hours, organoids were treated with increasing concentrations (0.0001–10 μM) of the IFG1R 

inhibitor BMS-754807 (Selleck Chemicals), PAK inhibitor G-5555 (Selleck Chemicals) 

or DMSO as control in a randomized fashion using a Tecan D300e Digital Dispenser 

(Tecan Trading). Cell viability was measured six days post-treatment using the Cell-

TiterGlo 3D Cell Viability assay kit (Promega) according to the manufacturer’s instructions. 

Fluorescence signals were detected using a FLUOstar Omega microplate reader. Technical 

triplicates were conducted for each biological replicate with three biological replicates for 

each organoid variant. The calculation of the half maximal inhibitory concentration (GI50) 

was conducted in R (v.4.2.1) with the R package dr4p.

Immunoblot analyses

NIH/3T3 fibroblasts were washed twice with ice-cold PBS and incubated in lysis buffer 

(25 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM MgCl2, 1% NP-40) supplemented with 

protease (Roche) and phosphatase (Sigma-Aldrich) inhibitors for 10 min on ice. Cells were 

scraped and lysates were collected and centrifuged at 15,000 g for 15 min at 4°C. The 

cleared lysates were transferred into a new tube. Protein concentrations were determined 

using Bradford reagent (Bio-Rad). Equal protein amounts per sample were loaded into gels 

and standard immunoblotting procedures were performed. Organoids were grown for 3–5 

days, collected and dissociated using TrypLE Express. Dissociated cells were seeded at 

a density of 40,000 cells per 25μl Matrigel; 7 Matrigel aliquots in 2.5 ml 50% L-WRN 
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conditioned medium per well of a 6-well plate. The Matrigel around the organoids was 

removed using Cell Recovery Solution (Corning). The released organoids were pelleted by 

centrifugation and lysed for immunoblotting as previously described (23).

Histological and immunohistochemical staining of organoids

Organoids were fixed in 10% formalin overnight, resuspended in bacto-agar and embedded 

in paraffin. Standard protocols for H&E or alcian blue staining were used as described 

previously (23). For IHC staining of active YAP or β-catenin, slide deparaffinization was 

performed accordingly standard protocol (23). Briefly, 250 ml of citric acid buffer was 

placed into a slide container filled with up to 12 slides. The solution was warmed to 100°C 

for 10 min, cooled for 5 min, warmed for 2 min, cooled for 5 min, warmed for 2 min, then 

cooled down to RT. Buffer was replaced with PBS to wash the slides, utilizing a rocker. The 

slides were incubated in 10% H2O2 for 15 min at RT and washed 3 times with PBS. The 

slides were placed in a slide box and the cells were circled using an oil pen. After blocking 

with BSA (Sigma) for 20 min at RT, primary antibody was incubated overnight at 4°C. The 

slides were washed three times with PBS, incubated with secondary antibody (anti-rabbit 

serum, 1:200 in PBS) for 50 min at RT, stained with DAB (1:100), washed with H2O, 

stained with hematoxylin, and mounted using standard protocol. For quantitation, positively 

stained cells of three random views were counted and then divided by the total cells per area 

organoids, using FIJI.

Stress fiber formation assays

NIH/3T3 cells expressing pCDH-RHOA variants were seeded on 10 μg/ml fibronectin-

coated glass coverslips. When 80% confluency was reached, cells were washed twice with 

PBS, fixed in 3.7% formaldehyde (Fisher Scientific) for 10 min at RT, washed with PBS 

and permeabilized with 0.1% Triton-X100 (Sigma) for 5 min at RT. After blocking with 

2% BSA (Sigma) in PBS for 30 min at RT, cells were incubated with phalloidin conjugated 

with an Alexa-488 fluorophore (Invitrogen) diluted in 2% BSA-PBS for 45 min at RT. Cells 

were washed three times with PBS. To visualize the nucleus, cells were then stained with 

DAPI (1:10,000) for 10 min in PBS and then washed twice with PBS. Cells were mounted 

with ProLong Diamond Antifade Mountant (Invitrogen). For each condition, 10 random 

views were acquired on an Olympus FV1000 confocal microscope using a 40x objective. 

To determine F-actin stress fiber formation, the corrected total cell fluorescence intensity of 

the phalloidin signal of each cell, corrected for cell size and background was determined as 

described previously (23), using FIJI or cell profiler. The corrected total cell fluorescence 

was calculated as integrated density of the cell/(cell area x mean fluorescence of background 

readings).

Cell adhesion assays

NIH/3T3 mouse fibroblast cell lines stably expressing exogenous HA-RHOA variants were 

plated in 96-well plates were coated with 10 μg/ml fibronectin that were blocked with 1% 

BSA/PBS for 30 min at RT. After 24 hours, the cultures were then incubated with 2 μM 

CellTracker CMFDA (5-chloromethylfluorescein diacetate) for 10 min at 37°C, added to 

wells (2.5 × 104 cells per well) in triplicate, allowed to adhere for 1 hour, and washed 
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with PBS. The fluorescence signal was determined using a SpectraMax i3x plate reader 

(Molecular Devices, excitation at 485 nm and emission at 535 nm).

Cell migration assays

One day before the experiment, 5 × 103 NIH/3T3 cells expressing HA-RHOA were seeded 

in a 10 μg/ml fibronectin-coated 60 mm glass bottom dish (MatTEK Corporation). The 

next day, live-cell imaging was performed using a 10x objective on an Olympus Viva 

View FL Incubator time-lapse microscope equipped with a Hamamatsu Orca R2 cooled 

charge-coupled device (CCD) camera and Metamorph software. Differential interference 

contrast (DIC) images were collected every 10 min for 16 h at 37°C and 5% CO2, Cells 

were tracked, and velocities were calculated using ImageJ. Only single cells were tracked. 

NIH/3T3 cells were excluded after a collision event with another cell or debris, or after 

division, death or migration out of the field of view.

Recombinant protein expression and purification

RHOA proteins, p190RhoGAP domain, ECT2-PH-DH domain, ROCK-RBD, mDia-RBD 

and Rhotekin-RBD were expressed in E. coli BL21 (DE3) Rosetta2 cells in Terrific 

Broth (TB) medium by overnight expression at 18°C following induction with 250 μM 

isopropyl-β-D-1-thiogalactopyranoside at an OD600 of around 0.6 at 37°C, as previously 

described (23). ROCK-RBD, mDia-RBD, Rhotekin-RBD and p190RhoGAP were purified 

as GST-fusion proteins at 4°C using glutathione sepharose 4B chromatography (GE Life 

Sciences) accordingly manufacture’s guidelines, followed by cleavage of the GST-tag (only 

for p190RhoGAP) and Superdex75 size exclusion chromatography (GE Life Sciences) 

as previously described (23). ECT2 was purified as a His-fusion protein at 4°C using 

HisTRAP nickel Sepharose chromatography (GE Life Sciences) accordingly standard 

protocols, followed by cleavage of the His-tag and size exclusion chromatography (23). 

RHOA proteins were purified either as GST- or His-tagged protein, followed by tag cleavage 

and size exclusion chromatography. Fractions were analyzed by SDS-PAGE, fractions with 

greater than 90% purity were pooled, aliquoted, flash frozen in liquid nitrogen and stored at 

−80°C. Proteins were stored in 50 mM HEPES pH 7.5, 150 mM NaCl, 5% glycerol and 5 

mM β-mercaptoethanol. Buffer for RHOA contained in addition 5 mM MgCl2.

Nucleotide exchange

Recombinant RHOA proteins or RAC1WT (RC-01, Cytoskeleton) were loaded with 2’-/3’-

O-(N’-methylanthraniloyl) guanosine-5’-O-diphosphate (mantGDP; Jena Biosciences), 

guanosine-5’-triphosphate (GTP, Sigma) or guanosine-5’-[(β,γ)-imido]triphosphate 

(GppNHp, Sigma) with 10-fold (mantGDP) or 40-fold (GTP, GppNHp) molar nucleotide 

excess, 20 mM EDTA and 200 mM (NH4)2SO4 in 50 mM HEPES pH 7.5, 100 mM 

NaCl and 5 mM β-mercaptoethanol. After overnight incubation at 4°C, 125 mM MgCl2 

was added for 10 min on ice. Unbound nucleotide was removed by a NAP-5 size 

exclusion chromatography column (GE Life Sciences) equilibrated in 50 mM HEPES pH 

7.5, 100 mM NaCl, 5 mM MgCl2, 5% glycerol and 5 mM β-mercaptoethanol. RHOA 

was loaded with 2’/3’-O-(N-Methyl-anthraniloyl)-guanosine-5’-[(β,γ)-imido]triphosphate 

(mantGppNHp, Jena Bioscience) with 1.5-fold molar excess of mantGppNHp, 60 mM 

(NH4)2SO4, 0.3 mM ZnCl2 and alkaline phosphatase conjugated to Sepharose beads at 
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10% (vol/vol) in 50 mM HEPES pH 7.5, 100 mM NaCl and 5 mM β-mercaptoethanol. 

After head-over-head rotation at 4°C for 2 days, phosphatase and unbound nucleotide 

were removed by a NAP-5 column. RHOA-containing fractions were pooled, and protein 

concentration via absorption at 280 nm and nucleotide loading efficiency via HPLC were 

measured. RHOA-mantGDP or -mantGppNHp were frozen in liquid nitrogen and stored at 

−80°C. RHOA-GTP was immediately used in experiments.

Guanine nucleotide exchange assays

Experiments were performed with 0.4 μM RHOA-mantGDP and, when indicated, with 

different RhoGEF ECT2 concentrations, in 25 mM HEPES pH 7.5, 50 mM NaCl, 5 

mM MgCl2, 5% glycerol and 5 mM β-mercaptoethanol. Mant-nucleotide dissociation was 

initiated by adding 1 mM GDP (Sigma, 2,500-fold excess). Fluorescence signal (excitation 

at 360 nm, emission at 439 nm) was detected every 15 seconds at 25°C in a Cary Eclipse 

Fluorescence Spectrophotometer (Agilent). The dissociation rate (observed rate kobs) was 

determined by utilizing a mono-exponential decay equation in GraphPad Prism. The kcat of 

ECT2 activity was determined by fitting kobs rates against the ECT2 concentrations.

HPLC intrinsic GTP hydrolysis assays

Assays were performed with 70 μM RHOA-GTP in 50 mM HEPES pH 7.5, 100 mM 

NaCl, 5 mM MgCl2, 5% glycerol and 5 mM β-mercaptoethanol at 25°C. Aliquots of 40 

μl were flash frozen in liquid nitrogen at indicated time points. After 2 min at 95°C, 

samples were centrifuged at 14,000 g for 1 min at RT and the supernatant was applied to 

a high-performance liquid chromatography column (HPLC, Agilent 1100). GDP and GTP 

were separated on a C18-column (Agilent) with 100 mM potassium-phosphate pH 6.5, 10 

mM tert-butyl-ammonium-bromide and 7.5% acetonitrile as described previously (23). The 

concentration of non-hydrolyzed GTP was plotted against time and data were described by 

a mono-exponential equation to determine the observed rate constant (kobs) using GraphPad 

Prism. The efficiency of RHOA nucleotide loading was measured in a similar way (25% 

acetonitrile for mant-nucleotides).

GAP-stimulated GTP hydrolysis assays using a phosphate sensor

Cuvettes and stirrers were incubated with 200 μM 7-methyl guanosine and 1 U/ml purine 

nucleoside phosphorylase for 30 min at RT to reduce phosphate contamination. Assays 

were performed as previously described (23, 85). Briefly, 2 μM RHOA-GTP were incubated 

with indicated p190RhoGAP concentrations in the presence of 5 μM of MDCC-labelled 

phosphate-binding protein (MDCC-PBP, Thermo Fisher Scientific) in 50 mM HEPES 

pH 7.5, 100 mM NaCl, 5 mM MgCl2, and 2 mM dithiothreitol. The increase in MDCC-

fluorescence (excitation: 430 nm, emission: 460 nm) due to the phosphate release of the 

GTP hydrolysis was detected at 25°C in a Cary Eclipse Fluorescence Spectrophotometer. 

The observed rate (kobs) was determined by describing the reaction with a mono-exponential 

equation in GraphPad Prism. The kcat of p190RhoGAP activity was calculated by fitting the 

kobs values against the GAP concentrations.
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Effector-nucleotide dissociation studies

RHOA binding to effectors was determined by measuring inhibition of mant-nucleotide 

dissociation from RHOA due to effector binding, as described previously (23). Experiments 

were performed with 0.6 μM RHOA-mantGppNHp and indicated concentrations of 

Rhotekin-RBD, ROCK1-RBD or mDia1-RBD in 50 mM HEPES pH 7.5, 100 mM NaCl, 

5 mM MgCl2, 5% glycerol and 5 mM β-mercaptoethanol. Mant-nucleotide dissociation 

was initiated by adding 600 μM GppNHp (Sigma; 1,000-fold excess). Fluorescence signal 

(excitation: 360 nm, emission: 439 nm) was detected at 25°C in a Cary Eclipse Fluorescence 

Spectrophotometer. Nucleotide dissociation rate (kobs) was determined by utilizing a mono-

exponential decay equation. The kobs values were fitted against the effector concentration to 

calculate the binding affinity KD.

RhoGDI co-immunoprecipitation assays

COS-7 cells were transiently co-transfected with indicated pCDH-HA-RHOA variant and 

pEGFP-RHOGDI1 and lysed on ice in lysis buffer (1% Triton X-100, 150 mM NaCl, 50 

mM Tris-HCl, pH 7.4, 10 mM MgCl2) supplemented with protease (Roche) and phosphatase 

(Sigma-Aldrich) inhibitors. Samples were centrifuged at 14,000 g for 10 min at 4°C. Equal 

amount of protein was incubated with anti-HA epitope-conjugated agarose beads (Sigma) 

for 2 hours at 4°C with head-over-head rotation. Beads were washed five times in lysis 

buffer (with 250 mM NaCl) and boiled in 2x SDS sample buffer (0.25 M Tris-HCl pH 6.8, 

8% SDS (w/v), 40% glycerol (w/v), 10% β-mercaptoethanol (w/v) and 0.2% bromophenol 

blue (w/v)).

Pull-down studies to determine direct binding to PAK1

GSH-beads coupled to GST-PAK1-PBD (PAK02, Cytoskeleton) which were three times 

washed with 50 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCl2 and 5 mM β-

mercaptoethanol. Experiments were performed with 60 μg (60 μl) GST-PAK1-PBD bound to 

GSH beads and 30 μg RHOWT, RHOAL57V or RAC1WT bound either to GppNHp or GDP 

in 50 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCl2 , 5 mM β-mercaptoethanol and 

100 μM GppNHp or GDP for one hour at 4°C with head-over-head rotation. Beads were 

washed three times with 50 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCl2 and 5 mM 

β-mercaptoethanol and boiled in 30 μl 4x Laemmli sample buffer (Bio-Rad Laboratories) 

supplemented with β-mercaptoethanol. Samples were analyzed utilizing immunoblotting on 

nitrocellulose membranes (Millipore) followed by staining with Ponceau S solution (Thermo 

Fisher Scientific).

Mutational KRAS screening studies

Data were retrieved from reference (86) and are available online at https://

www.targetkras.com/. Briefly, SV40 large and small T and telomerase (hTERT)-

immortalized human embryonic kidney (HA1E) cells (55) (RRID:CVCL_VU89) expressing 

a screening library of indicated KRAS mutations were evaluated for their transforming 

activity as previously described (86). After 7 days, cells were harvested and sequenced. 

Relative allele abundance is shown as a Log2 fold change comparing the ultra-low 

attachment and the high attachment conditions.
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Reverse phase protein array (RPPA) studies

RPPA experiments were performed with four biological replicates using Cdh1−/− gastric 

organoids expressing indicated HA-RHOA variants or empty vector. Samples were prepared 

as described previously (87). Organoid lysates were immobilized onto nitrocellulose-coated 

glass slides (Grace Bio-labs) in three technical replicates using an Aushon 2470 arrayer 

(Quanterix), together with reference standards for internal quality control. Arrays were 

pre-treated with Reblot Antibody Stripping solution (MilliporeSigma) for 15 min at 

RT, followed by two PBS washes and incubated for 5 hours in I-block (Invitrogen) 

before antibody staining. Samples were then stained using an automated system (Agilent 

DakoCytomation) as previously described (87) and arrays were probed with 120 antibodies 

(data file S1) targeting unmodified and phosphorylated residues of pre-selected signaling 

proteins. Antibodies used for the RPPA were validated for their specificity against their 

target as previously described (88). Selected arrays were stained with Sypro Ruby Protein 

Blot Stain (Invitrogen) following manufacturer’s recommendations to quantify the amount 

of protein in each sample (87) and used for normalization purposes. Sypro Ruby and 

antibody-stained slides were scanned on a Tecan laser scanner (TECAN) and images 

were analyzed using the commercially available software MicroVigene Version 5.1.0.0 

(Vigenetech) as previously described (89). For computational analyses, antibody intensity 

values were imported into R (version 3.5.2) and supervised hierarchical clustering was 

performed. Heatmaps were generated using the ComplexHeatmap package (Bioconductor). 

The RPPA standardized intensity data were log2 transformed, and the median of 

four biological replicates was determined for each condition. Testing between specific 

comparisons utilized the Student’s t-test or one-way ANOVA with P-values < 0.05 

denoting significant alterations and results were represented by volcano plots. P-values 

were corrected using the Benjamini-Hochberg correction. Top 20 hits of the volcano plot 

comparing RHOAL57V with RHOAWT were characterized in KEGG signaling pathway 

and Gene Ontology analyses utilizing the STRING protein-protein interaction networks 

functional enrichment analysis database (90). The signaling network of those top 20 hits was 

determined using STRING with a minimum interaction score of 0.7 (high confidence). The 

interaction network was visualized using Gephi software to calculate the modularity and plot 

the genes in a radial axis layout arranged by their modularity and color-coded to their log2 

fold change score (91).

Statistical analyses

Data are represented as mean ± S.E.M for n ≥ 3 independent experiments (except where 

noted). For each experiment, the number of independent biological experiments are noted 

in the figure legends, with representative images shown of replicates with similar results. 

Statistical analysis was performed in GraphPad Prism using an unpaired two-tailed Student’s 

t-test, one-way ANOVA with Dunnett’s multiple comparison or Benjamini-Hochberg 

correction or Mann-Whitney test as indicated in the figure legends. P-values are denoted 

by *P < 0.05, **P < 0.01, *** P < 0.001, ****P < 0.0001, ns, not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RHOAL57V disrupts gastric organoid morphology and induces a DGC-like phenotype.
(A) G-domain structure of RHOA [green, Protein Data Bank (PDB) ID: 1a2b], RAC1 

(yellow, PDBID: 1mh1) and RAS (magenta, PDBID: 5p21) in the active confirmation is 

shown as ribbon representation. Cancer-associated mutational hotspot residues are indicated 

by color-coded sticks, the GTP-analog GTPγS by black sticks. (B) Schematic for the 

generation of mice with the indicated genotypes, including the tomato-GFP reporter allele. 

Isolated gastric organoids were treated with tamoxifen (TAM) in vitro to deplete Cdh1. 

Cdh1−/− organoids were then infected with the control lentivirus empty vector (EV) or 

encoding HA epitope-tagged RHOAWT or RHOAL57V. (C) Immunoblot of Cdh1 intact and 

null isogenic organoids treated with or without TAM. (D) Immunoblot of Cdh1−/− organoids 

ectopically expressing EV, RHOAWT or RHOAL57V. Blots in (C and D) are representative 

of three independent experiments. (E to G) Representative images of phase contrast (E), 

hematoxylin and eosin (H&E; F) and alcian blue staining (G) of Cdh1−/− organoids 
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expressing empty vector, RHOAWT or RHOAL57V. Arrows indicate cells resembling signet-

ring cells (F) and cells with positive alcian blue staining (G). Images in (E to G) are 

representative of three independent experiments. Scale bars, 100 μm (E, F) and 50 μm (G).
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Fig. 2. RHOAL57V is a gain-of-function mutant inducing stress fiber formation, cell adhesion and 
migration.
(A) Immunoblot analyses of NIH/3T3 fibroblasts stably expressing exogenous HA-tagged 

RHOAWT, mutant or empty vector (EV). Vinculin was used to monitor equivalent 

total protein loading. (B) Quantitation of HA-RHOA protein levels in (A), normalized 

to loading control. Data are mean ± S.E.M. from four independent experiments. (C) 

Immunofluorescence analyses of NIH/3T3 fibroblasts expressing indicated RHOA variants 

or EV, stained with phalloidin (green) to detect F-actin stress fibers and DAPI (blue) as 

nuclear staining. Images are representative of three independent experiments. Scale bar, 20 

μm. (D) Quantitation of F-actin stress fiber formation assays, representative images shown 

in (C). Data are mean ± S.E.M. from three independent experiments. ****P < 0.0001, **P 
< 0.01, ns, not significant by one-way ANOVA, Dunnett’s multiple comparison test. Single 

cell data of an individual representative experiment are shown in fig. S1F. (E) CMFDA-

labeled NIH/3T3 cells expressing the indicated RHOA variants or empty vector adhered 

for one hour on fibronectin-coated surfaces. (F) NIH/3T3 cells expressing indicated RHOA 

variants or EV were monitored during random migration for 16 hours using brightfield 

time-lapse microscopy (17 cells per condition). In (E and F) data are mean ± S.E.M. from 

three independent experiments. **P < 0.01, *P < 0.05, ns, not significant by one-way 

ANOVA, Dunnett’s multiple comparison test.
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Fig. 3. RHOAL57V exhibits impaired GTP hydrolysis.
(A) Intrinsic nucleotide exchange activity of E. coli expressed recombinant RHOAWT 

and RHOAL57V. (B) Recombinant ECT2 catalytic PH-DH domain-mediated stimulation 

of RHOA nucleotide exchange activity. (C and D) Intrinsic GTP hydrolysis activity 

of recombinant RHOA was determined by RHOA-GTP levels in HPLC studies, with 

observed rates (kobs) shown in (D). (E) Recombinant p190RhoGAP catalytic domain-

mediated stimulation of RHOA GTP hydrolysis was detected by phosphate release using 

the phosphate binding protein sensor. Data in (A to E) are mean ± S.E.M. from three 

experiments. **P < 0.01, *P < 0.05, ns, not significant by unpaired t-test. (F) Normalized 

binding affinities of recombinant RHOAWT and RHOAL57V to RBD domains of indicated 

effectors, as measured in effector nucleotide dissociation studies. Affinities were normalized 

to RHOAWT interaction to each effector. Data are shown from two independent experiments; 

bars are means. (G) Comparison of the biochemical properties RHOAWT, RHOAQ63L 
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and the oncogenic Y42C and L57V alterations in DGC. The Q63L mutation impairs 

intrinsic and RhoGAP-mediated GTP-GDP hydrolysis activities and enhances the nucleotide 

exchange of RHOA, favoring formation of nearly persistently GTP-bound, active RHOA. 

RHOAL57V and RHOAY42C exhibit decreased intrinsic and RhoGAP-mediated GTP-GDP 

hydrolysis activities, but faster activities than RHOAQ63L. In addition, many RHOA-specific 

GEFs such as ECT2 are overexpressed (indicated by *) in DGC, leading to enhanced levels 

of active GTP-bound RHOAL57V or RHOAY42C. This increase is less compared than seen 

with RHOAQ63L. RHOAY42C also shows altered effector binding. The thickness of the lines 

illustrates the level of activity/binding (impaired activity/binding, broken line; increased 

activity/binding, thick line). (H) Heatmap representation of the results of a positive-selection 

screen in HA1E cells expressing the indicated missense KRAS mutations. Cells were 

evaluated for their transforming activity. Columns represent the cancer-associated mutational 

hotspot KRAS residues G12, G13 and Q61, and the residues Y40 and I55, located at 

positions analogous to the cancer-associated RHOA mutations at Y42 and L57 (KRAS has 

two residues less than RHOA). Each row represents one of 20 possible amino acids (shown 

in one letter code). Relative allele abundance is shown as a Log2 fold change (Log2 FC) 

comparing the ultra-low attachment and the high attachment conditions after 7 days. Red 

indicates enrichment indicative of a gain-of-function phenotype and blue indicates depletion 

suggestive of a loss-of-function phenotype, as determined in HA1E cells. Gray coloration 

indicates alleles that were not included in the screening library.
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Fig. 4. RHOAL57V stimulates IGF1R and PAK1 signaling.
(A and B) Volcano plots show RPPA protein expression data comparing RHOAL57V with 

RHOAWT (A) and RHOAY42C (B) expressing Cdh1−/− organoids. Significantly upregulated 

(red) and downregulated (blue) proteins and phosphorylated proteins in RHOAL57V 

expressing organoids are highlighted. Horizontal dotted line represents P < 0.05 threshold 

(one-way ANOVA with Benjamin-Hochberg correction). Selected proteins are labeled. (C 
and D) Individual replicates of the RPPA analyses representing the levels of phosphorylated 

IGF1R (C) and PAK1 (D) in Cdh1−/− organoids expressing WT or mutant RHOA or empty 

vector (EV). Data are mean ± S.E.M. from four biological replicates. **P < 0.01 and ns, 

not significant by one-way ANOVA with Benjamini-Hochberg correction. Data of the entire 

RPPA analyses are shown in fig. S3A. (E) Immunoblot of Cdh1−/− organoids expressing WT 

or mutant RHOA or empty vector to assess levels of indicated proteins. Vinculin and β-actin 

were used as controls to monitor equivalent total protein loading. (F and G) Quantitation of 
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total and phosphorylated IGF1R (F) and PAK1 (G) as determined by immunoblot analyses 

represented in (E), normalized to the loading control (vinculin) and empty vector. Data 

are mean ± S.E.M. from three independent experiments (n = 2 for pPAK1 (Ser144)). 

***P < 0.001, **P < 0.01, *P < 0.05 by unpaired t-test. (H) Gephi visualization of the 

STRING signaling interaction network of the top 20 hits of the volcano plot data in (A) 

representing the interaction network of the most upregulated (red) and downregulated (blue) 

proteins caused by RHOAL57V expression, compared to RHOAWT. Phosphorylated proteins 

indicated by *. Lines represent protein-protein interactions color-coded according to the 

average of the signal change between both proteins. FC, fold change. Genes and assigned 

protein names are listed in data file S1. (I and J) KEGG pathway (I) and Gene Ontology 

signaling (J) analyses of the top 20 hits of the volcano plot data in (A) indicating the 

most altered signaling pathways and biological processes in RHOAL57V expressing Cdh1−/− 

organoids. FDR, false discovery rate.
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Fig. 5. RHOAL57V promotes YAP1 signaling.
(A) Immunoblot analyses of Cdh1−/− organoids expressing RHOA WT, mutant or 

empty vector (EV) control to assess levels of the indicated proteins. Vinculin and β-

actin were used as controls to monitor equivalent total protein loading. (B and C) 

Quantitation of the immunoblot analyses (A) for indicated PAK1 substrates (B) and active 

YAP1 (C), normalized to the vinculin (loading control) and empty vector. (D and E) 

Representative IHC images of active YAP1 staining (D) and quantitation (E) of active 

YAP1-positive Cdh1−/− organoids expressing RHOAWT and RHOAL57V. (F) Quantitation 

of the immunoblot analyses shown in A for indicated YAP1 targets, normalized to vinculin 

(loading control) and empty vector. (G and H) Representative IHC images of β-catenin 

staining (G) and quantitation (H) of β-catenin-positive Cdh1−/− organoids expressing 

RHOAWT and RHOAL57V. (B, C, E, F and H) Data are mean ± S.E.M. from three 
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independent experiments. *P < 0.05, **P < 0.01 and ns, not significant by unpaired t-test (B, 

C and F) or Mann-Whitney test (E and H). Scale bars, 50 μm (D and G).
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Fig. 6. RHOAL57V expressing Cdh1−/− organoids are sensitive toward pharmacologic inhibition 
of IGF1R and PAK.
(A) Immunoblot analyses of Cdh1−/− organoids ectopically expressing RHOAL57V treated 

for 24 hours with vehicle (DMSO), the IGFR1 inhibitor BMS-754807 (200 nM), the group 

I PAK-selective inhibitor G-5555 (200 nM), or in combination (each 200 nM). Vinculin 

was used as a control for equivalent total protein loading. Blots are representative of two 

independent experiments. (B and C) Representative H&E (B) and phase-contrast images 

(C) of Cdh1−/− organoids ectopically expressing RHOAL57V treated for 48 hours with 

vehicle control (DMSO), or with the IGF1R inhibitor BMS-754807 (200 nM) and/or PAK 

inhibitor G-5555 (200 nM). Images are representative of two independent experiments. 

Scale bars, 100 μm (B) or 200 μm (C). (D) RHOAY42C and RHOAL57V signaling and 

convergence on YAP1. We showed previously that RHOAY42C caused FAK, and PI3K-AKT-

GSK3β, and YAP1 activation to drive DGC oncogenic progression (23). In this study, we 

determined that RHOAL57V caused IGF1R and PAK1 activation, and Merlin inhibition. 
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Merlin is an upstream activator of the MST1/2-LATS1/2 Hippo kinase cascade, leading 

to YAP1 phosphorylation and cytoplasmic sequestration and proteasomal degradation. The 

indicated inhibitors blocked mutant RHOA-driven DGC progression. Both RHOA mutants 

also stimulated ROCK-mediated F-actin and focal adhesion assembly, leading to YAP1 

transcriptional co-activator activation. Dephosphorylated and activated YAP1 translocates to 

the nucleus where it forms a complex with the TEAD transcription factor. Solid and dotted 

line arrows indicate direct and indirect connections, respectively.
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