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1 | INTRODUCTION

Abstract

Metastasis is the main death reason for triple-negative breast cancer (TNBC). Thus,
identifying the driver genes associated with metastasis of TNBC is urgently needed.
CRISPR screens have dramatically enhanced genome editing and made it possible to
identify genes associated with metastasis. In this study, we identified and explored
the crucial role of ras homolog family member V (RhoV) in TNBC metastasis. Here,
we performed customized in vivo CRISPR screens targeting metastasis-related genes
obtained from transcriptome analysis of TNBC. The regulatory role of RhoV in TNBC
was validated using gain- or loss-of-function studies in vitro and in vivo. We further
conducted immunoprecipitation and LC-MS/MS to explore the metastasis mecha-
nism of RhoV. In vivo functional screens identified RhoV as a candidate regulator in-
volved in tumor metastasis. RhoV was frequently upregulated in TNBC and correlated
with poor survival. Knockdown of RhoV significantly suppressed cell invasion, migra-
tion, and metastasis both in vitro and in vivo. In addition, we provided evidence that
p-EGFR interacted with RhoV to activate the downstream signal pathway of RhoV,
thereby promoting tumor metastasis. We further confirmed that this association was
dependent on GRB2 through a specific proline-rich motif in the N-terminus of RhoV.
This mechanism of RhoV is unique, as other Rho family proteins lack the proline-rich

motif in the N-terminus.
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prognosis in all breast cancer subtypes. TNBC accounts for about 15%
of breast cancer patients,? and shows a high metastasis rate, especially

Triple-negative breast cancer (TNBC), which lacks the expression of es- for internal organs, such as lung, brain, or liver.® Metastasis is the main
trogen receptor (ER), progesterone receptor (PR), and the amplification death reason for TNBC patients,* and lung is the most common site
of human epidermal growth factor receptor 2 (HER2),! has the worst of TNBC metastasis.*> However, the underlying mechanism of TNBC
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multiplicity of infection; PAK1, p21 (RAC1) activated kinase 1; PBS, phosphate buffer solution; PCR, polymerase chain reaction; RhoV, ras homolog family member V; RTK, receptor
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metastasis remains unclear. Moreover, biomarkers to identify TNBC
patients with the highest risk is urgently needed.

CRISPR screens have dramatically enhanced genome editing and
made it possible to identify novel cancer-associated genes.® In our
study, we utilized CRISPR screening for metastasis-related genes
and identified ras homolog family member V (RhoV) as a key factor
involved in tumor metastasis. RhoV is a member of the Rho protein
family. Early views believed Rho protein family played a role in reg-
ulating the organization of actin cytoskeleton, but it was not consid-
ered to be an oncogene.” However, this view is gradually changing.
In recent years, studies have shown activation of Rho protein family
is closely related to tumor formation.®

Rho family GTPase can regulate a variety of cell functions, in-
cluding cytoskeleton formation, cell proliferation, and so on, all of
which have been confirmed to be important for cancer.’ Generally,
Rho GTPases acts as a molecular regulatory switch in the form of
active GTP binding, which enables Rho GTPases to interact with
downstream molecules.’® The conversion between the GTP-bound
form and GDP-bound form is regulated by the guanine nucleotide
exchange factors'* and GTPase-activating proteins.12

In this study, we firstly identified RhoV as a key regulator of
TNBC metastasis. It is worth noting that RhoV was found to be
closely associated with poor clinical outcomes and to be an inde-
pendent prognostic factor of TNBC. We found that the N-terminal
extension of RhoV acts as a binding site of GRB2, physically linking
RhoV to the epidermal growth factor receptor (EGFR). In addition,
we demonstrated that the binding between RhoV and GRB2 is im-
portant for RhoV in regulating the EGF-induced cell migration.

2 | MATERIALS AND METHODS

2.1 | Human cancer cell lines

We used human cell lines BT-549, HCC-70, Hs-578T, MDA-MB-231,
LM2-4175, Hela, and HKT-293T (from American Type Culture
Collection, ATCC). The identity of each cell line was verified by analy-
sis of short tandem repeats. As mentioned previously, the cells were
grown in fully grown medium. All cell lines were cultured in a humid-
ified incubator at 37°C and 5% CO,. The human TNBC cell line tran-
scriptome data were obtained from the Cancer Cell Line Encyclopedia
(CCLE) portal (https://portals.broadinstitute.org/ccle).**

2.2 | Animal models

For animal experiments, we followed the NIH Guide for the Care and
Use of Laboratory Animals. In our research, 7- to 8-week-old female
NOD/SCID mice (GemPharmatech LLC.) were used in all animal mod-
els. For mouse tail vein metastasis assays, 1x 10° cells transfected with
metastasis-related gene library were injected into NOD/SCID mice. The
fluorescence method was utilized to image tumor in mice to observe

the status of tumor metastasis. After 6 weeks, the mice were sacrificed.

2.3 | RNA-Seq data analysis and metastasis-related
gene analysis

Based on 360 cases of the primary TNBC transcriptome database
from Fudan University Shanghai Cancer Center (FUSCC), samples
were divided into four subtypes.'® Within the four TNBC subtypes,
samples were further divided into a high-risk group that has me-
tastasis within 3years and a low-risk group that has no metastasis
within 3years. The differentially expressed genes were analyzed
between the two groups using DESeq2. Genes with a fold change
(FC) value greater than 1.5 and t-test p-value less than 0.05 were
selected as differentially expressed genes.

2.4 | Virus production and infection

We transfected pWPXL-GFP-luc, psPAX2, and pMD2G plasmids
into HEK293T cells for lentivirus generation. Forty-eight hours after
virus transfection, cells were sorted by flow cytometry based on
GFP-labeled fluorescence. After that, we applied lentiCas9-Blast,
psPAX2, and pMD2G plasmids for lentivirus generation. Forty-eight
hours after virus transfection, 5 pg/mL blasticidin was used to select
stably integrated cells for 6 days.

The primer sequence for sgRNA generation was obtained from
http://www.addgene.org/pooled-library/zhang-human-gecko-v2/,
and purified subsequently by RNase-free HPLC (Table S1). After
primer annealing, a sgRNA was copied into one lentiGuide-puro plas-
mid. LentiGuide-puro plasmids containing all sgRNAs were mixed to-
gether. The metastasis-related library virus mixture was generated
in HEK293T cells. Then, target cells with Cas9-GFP-luciferase were
infected by library viruses related to metastasis in a low multiplicity
of infection (MOI = 0.3) to make sure most cells receive one sgRNA
plasmid. Forty-eight hours after infection, cells were selected with
puromycin in 1 pg/mL for 5days.

2.5 | DNA extraction and sgRNA readout

To evaluate the expression of sgRNA, we applied next-generation
sequencing (NGS). The QlAamp DNA Mini Kit (Qiagen) was applied
to extract genomic DNA (gDNA) from xenografts and cells. As men-
tioned earlier, the two-step PCR procedure was used to amplify the
sgRNA library of each sample, and the samples were prepared for

lllumina sequencing.'®

2.6 | sgRNA data analysis

The original FASTQ data were processed with Geneious 7.0
(Biomatters). We applied the “map to reference” function in
Geneious 7.0 to assemble the reads into reference sequence.
After matching, the number of reads for each library barcode was
counted. The number of readings for each sample was normalized
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as follows: normalized reading count for each unique barcode read-
ing/total reading for all barcodes in the samplex10°+1. Then, we
used the Model-based Analysis of Genome-wide CRISPR/Cas9
Knockout (MAGeCK) algorithm to quantify the enrichment of can-
didate genes.!” Negatively screened genes were defined as genes
with decreased barcodes. The mScore of genes was calculated as
follows: sum of -log, , (p-value) of genes resulting from the MAGeCK

algorithm.

2.7 | Expression plasmids

We purchased pENTER-RhoV (CH883195) and pENTER-GRB2
(CH895066) plasmids from Vigene Biosciences. To construct RhoV
activation mutation RhoV G40V and RhoV SH3-binding site mu-
tations Mutl, Mut2, Mut3, Mut4, and Mut5, we utilized the Mut
Express Il Fast Mutagenesis Kit V2 (Vazyme, C214-01) to complete
plasmid construction.

2.8 | Western blotting

Tissue protein extraction reagent (Thermo Fisher Scientific) was
used to obtain whole cell extracts with protease and phosphatase
inhibitors. Then, the cell lysate was dissolved in 5xSDS-PAGE
loading buffer and boiled for 10 min. The proteins were next split-
ted by SDS-PAGE gel and transferred on a polyvinylidene fluoride
membrane (Roche). The membrane was blocked with 5% BSA in
TBST solution for 60min. Next, we utilized the primary antibody
to blot at 4°C for 12-16h: rabbit polyclonal anti-HA (Cell Signaling
Technology [CST]; 1:1000, no.3724), mouse polyclonal anti-GAPDH
(ProteinTech; n0.60004-1-Ig, 1:5000), mouse polyclonal anti-Vinculin
(ProteinTech; no.66305-1-lg, 1:5000), rabbit polyclonal anti-Flag
(Sigma; no. F7425, 1:1000), rabbit polyclonal anti-PAK1 (CST; cata-
log no.2602, 1:1000), mouse polyclonal anti-p-Actin (CST; no.4970,
1:5000), rabbit polyclonal anti-His (ProteinTech; Cat No. 66005-1-1g,
1:1000), rabbit polyclonal anti-GRB2 (ProteinTech; Cat No. 10254-2-
AP, 1:1000), rabbit polyclonal anti-EGFR (CST; no.4267, 1:1000), and
rabbit polyclonal anti-Phospho-EGFR (CST; no.4267, 1:1000). After
washing with TBST three times, the membrane was incubated for
60min at room temperature with HRP-conjugated goat anti-mouse
antibody (Jackson ImmunoResearch; 1:5000) or goat anti-rabbit an-
tibody (Jackson ImmunoResearch; 1:5000), and proteins were de-
tected with chemiluminescence substrate (Thermo Fisher Scientific).

The image system was Molecular Imager ChemiDocXRSp.

2.9 | Cellviability analysis

Cells were seeded in 100 pL of their corresponding growth medium
using 2000 cells per well in 96-well plates in triplicate, and cell viabil-
ity was determined by Cell Counting Kit-8 (CCK-8) (Vazyme, A311-
01). The absorbance was measured at 450 nm.

2.10 | Transwell assay

We resuspended the cells with serum-free medium to the top com-
partment of the transwell chamber (migration chamber Corning
#353097; invasion chamber Corning #354480), and 600pL of me-
dium was added with 10% fetal bovine serum to the bottom cham-
ber. For migration assays, all cell lines were cultured in a humidified
incubator at 37°C and 5% CO2 and allowed migration for 12h (MDA-
MB-231), 7h (BT-549), or 48h (HCC-70). For invasion assays, all cell
lines were allowed migration for 24h (MDA-MB-231), 14h (BT-549),
or 72h (HCC-70). After removing nonmigrated cells, cells were
stained with crystal violet.

2.11 | Wound-healing assay

The MDA-MB-231, HCC-70, and BT-549 cells were cultured in six-
well dishes. When the cells reached 100% confluence, the cell mon-
olayer was scratched with pipette tip. Then the dishes were washed
twice with PBS and incubated with medium with 10% fetal bovine
serum. All cell lines were cultured in a humidifified incubator at 37°C
and 5% CO, and allowed migration for 24 h.

2.12 | Semiquantitative reverse transcription-
polymerase chain reaction (RT-PCR)

For RT-PCR analysis, we used TRIzol (Invitrogen) to extract RNA from
cells and PrimeScript RT Reagent Kit (TaKaRa) to transform RNA
into cDNA following the manufacturer's protocol. TaKaRa-Ex-Taq
(TaKaRa) was applied for PCR amplification. Samples were processed
using the Applied Bioscience 7900HT Fast Real-Time PCR System.
Specific primers for RhoV (5-CCTCATCGTCAGCTACACCTG-3; 5-
GAACGAAGTCGGTCAAAATCCT-3) and GAPDH (5-GGAGCGAG
ATCCCTCCAAAAT-3; 5-CCTTGCGCATCATGGTGTT-3) as reference
gene primers were utilized.

2.13 | Immunoprecipitation (IP)

Hemagglutinin (HA) IP experiments were performed as previ-
ously described.’® Cells were lysed in NP40 buffer (Beyotime
Biotechnology) with protease and protein phosphatase inhibitors.
IPs were also performed in NP40 buffer with anti-HA immune
magnetic beads (Bimake, catalog no. B26202) and incubated over-
night at 4°C.

2.14 | Proteomic analysis

HEK293T cells expressing pENTER and HA-RhoV G40V were sub-
jected to IP with anti-HA magnetic beads (Bimake). The proteins
were split by SDS-PAGE gel, visualized by a silver protein staining kit
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(Thermo Fisher Scientific), and subjected to liquid chromatography
tandem mass spectrometry (LC-MS/MS) analysis.

2.15 | Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.0
(GraphPad Software) or SPSS 22.0 (IBM Analytics). Expression and
clinical data of TCGA cohorts were downloaded from the web-
site http://www.cbioportal.org/. Survival analysis was performed
through the Kaplan-Meier method and compared with the log-rank
test. For the transwell migration and wound-healing assays, n meant
the number of biological replicates, and unpaired Student t-test was
utilized to assess the statistical significance. All p-values were two

sided, and p-values less than 0.05 were considered significant.

3 | RESULTS

3.1 | Invivo CRISPR screens targeting metastasis-
related genes identify candidate pro-metastasis genes

Using our previous TNBC transcriptome database, a total of 440
genes were identified as metastasis-related genes according to

differential expression between the high- and low-risk groups
(Figure S1A). Subsequently, after transfecting the breast cancer
MDA-MB-231 and LM2-4175 cell lines with the CRISPR library, we
constructed a mouse tail vein metastasis model for in vivo screen
(Figure 1A; Figure S1B,C). NGS was performed on the original plas-
mid library, day O cells, day 14 cells, lung metastases, and liver metas-
tases. We then obtained the distribution of each sgRNA (Figure 1B;
Figure S1D). The correlation coefficient between each sgRNA read-
ing of cells was close to 1, indicating the plasmid library did not lose
most sgRNA in the process, whereas in the lung and liver metasta-
ses, the correlation coefficient is close to 0 and the sgRNA exhibited
diversity (Figure 1C).

We further utilized the MAGeCK algorithm to screen out
genes that were negatively screened in lung metastases and liver
metastases (Figure 1D). Among these genes, several well-known
metastasis-associated genes were on the list of top-ranked genes,
such as ITGB4, FN1, and CDK6.772! We selected the top 50 genes
ranked by mScore to analyze their prognosis in the FUSCC TNBC
cohort. The high expression of most top genes indicated poor
prognosis of TNBC (Figure 1E). Meanwhile, we conducted path-
way analysis on the top 100 genes and found that pathways were
mainly in changes of cell development and cell-matrix adhesion,
and the RhoV gene studied in this research was closely related to
these two pathways (Figure 1F).
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FIGURE 1 RNA-Seq derived metastasis-gene related library generation and in vivo CRISPR screen show genes associated with tumor
metastasis. (A) Schematic representation of the CRISPR screen. (B), Scatterplots of normalized read counts for the library sgRNA. M1-M7
indicate the individual mice. (C) Pearson correlation coefficient in each group of the normalized sgRNA read counts. (D) Ranking of the genes
according to their corresponding mScore value. (E) The prognostic predictive ability of the top 50 genes in the overall Fudan University
Shanghai Cancer Center (FUSCC) triple-negative breast cancer (TNBC) and the four subtypes. The size of the dot indicates the hazard

ratio (HR) value, and the color of the dot indicates the prognosis. (F) Gene ontology analysis of top-100 genes. p-values for each enriched
functional category were calculated by the Fisher exact test. Different colors mean different ranges of p-values.
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3.2 | RhoV is frequently upregulated in breast
cancer and indicates a poor prognosis

RhoV ranked especially high in the overall ranking and separate rank-
ing (Figure 1D, Figure 2A-C; Table S2), and there are few previous
reports on its role in metastasis. Therefore, we selected RhoV for
further research. In the CCLE database, RhoV was highly expressed
in breast cancer (Figure S2A). Analysis of the methylation level of
RhoV in all cancers also indicated that RhoV was specifically hypo-
methylated in breast cancer (Figure S2B). Furthermore, it showed
that RhoV was highly expressed in TNBC compared with normal tis-
sue (Figure 2D). Also, the expression of RhoV is higher in TNBC than
non-TNBC in the TCGA cohort (Figure 2E).

We next explored the prognostic implications of RhoV in TNBC.
The higher expression of RhoV in the FUSCC cohort predicted
shorter disease-free survival (DFS) (Figure 2F, p = 0.015; Table S3).
TNBC samples from the TCGA cohort also suggested the same result
(Figure 2G, p = 0.009). In addition, the analyses derived from the
Kaplan-Meier plots indicated high RhoV expression was correlated
with poor DFS and overall survival in TNBC (Figure S3A). Clinically,
the axillary lymph node metastasis of TNBC patients is one of the
most important prognostic indicators. We found even in TNBC
patients with negative axillary lymph node metastasis, higher ex-
pression of RhoV still indicated shorter DFS in the FUSCC database
(Figure 2H, p = 0.034) and TCGA database (Figure 21, p = 0.017).
Similar results were obtained when distant metastasis-free survival
was compared (Figure S3B). Meanwhile, the expression of RhoV

increased as the lymph node staging increased in the FUSCC and

TCGA TNBC cohort (Figure S3C; Table S4). Based on the above re-
sults, we believe RhoV has great clinical value as a prognostic indi-
cator of TNBC.

3.3 | RhoV promotes metastasis of TNBC cells

RhoV belongs to the CDC42 subprotein family of the Rho pro-
tein family and has high sequence homology with CDC42. CDC42
could promote the formation of filopodia. Consistently, overex-
pression of RhoV and RhoV G40V (RhoV activated mutation) in
MDA-MB-231 cells promoted filopodia formation (Figure S4A,B).
As RhoV has no commercially available Western blot antibodies,
we employed RT-PCR to verify the expression of RhoV after siRNA
knockdown in MDA-MB-231 and HCC-70 cells (Figure S4C).
Transwell migration and invasion experiments showed that cell mi-
gration ability decreased after knockdown of RhoV (Figure 3A,B).
However, viability experiments indicated that knockdown of RhoV
had no significant effect on the proliferation (Figure 3C). RhoV
and RhoV G40V were further overexpressed in MDA-MB-231 and
BT-549 cells. The level of cell migration and invasion increased sig-
nificantly (Figure 3D,E). We also conducted a wound-healing assay
and found that overexpression of RhoV and RhoV G40V promoted
cell migration (Figure S4D). To further validate our result in vivo,
we employed a lung metastasis model using MDA-MB-231 cells
stably expressing shNC, shRhoV#1, and shRhoV#3 injected into
the tail vein of NOD/SCID mice. Lung metastasis of shRhoV#1 and
shRhoV#3 was significantly less compared with shNC (Figure 3F).
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FIGURE 2 RhoV is associated with poor clinical outcome. (A-C) Ranking of RhoV according to p-value of the MAGeCK algorithm in
MDA-MB-231 lung, MDA-MB-231 liver, and MDA-MB-231 LM2 lung metastatic foci. (D) Significant correlation between RhoV expression
and triple-negative breast cancer (TNBC) tumor in both Fudan University Shanghai Cancer Center (FUSCC) and The Cancer Genome Atlas
(TCGA) data sets. (E) RhoV expression between non-TNBC and TNBC in TCGA cohort. (F) Kaplan-Meier analysis of disease-free survival
(DFS) using the FUSCC cohort. (G) Kaplan-Meier analysis of DFS using TCGA cohort. (H) Kaplan-Meier analysis of DFS in patients with
negative lymph nodes using the FUSCC cohort. (I) Kaplan-Meier analysis of DFS in patients with negative lymph nodes using TCGA TNBC

cohort. Values of p were calculated with the two-sided log-rank test.
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Also, lung metastasis of overexpression of RhoV and RhoV G40V antibody was used to pull down endogenous GRB2, which also veri-
was more than that of the control group (Figure 3G). These results fied the mutual binding of RhoV and GRB2 (Figure 4D). PAK1 is one
indicated that RhoV plays a key role in promoting metastasis of of the most famous effector proteins of RhoV.?? In HEK293 cells,
TNBC cells.

RhoV/RhoV G40V and GRB2 were simultaneously overexpressed,
and when GRB2 was overexpressed, the binding of RhoV G40V and

PAK1 increased. It indicated GRB2 could promote the downstream
3.4 | GRB2interacts with RhoV and regulates activation of RhoV (Figure 4E). Meanwhile, in transwell experiments,

RhoV's tumor metastasis-promoting function we found knocking down GRB2 reversed the protumor migration
phenotype caused by RhoV (Figure 4F). Similar results were ob-

To investigate how RhoV affects TNBC migration, we conducted tained in the wound-healing assays in MDA-MB-231 and Hs-578T

IP and LC-MS/MS to explore RhoV-interacting proteins. Common cells (Figure 4G).

binding proteins of the rho family were detected like ARHGEF?7,

GIT1, and GIT2 (Figure 4A). Meanwhile, GRB2 was also detected,

which is a downstream protein of receptor tyrosine kinase (RTK) 3.5 | RhoV interacts with GRB2 through its N-

and usually does not interact with rho family proteins (Figure 4A). terminal SH3 domain

We next successfully verified the binding of RhoV and GRB2 in

HEK293T and MDA-MB-231 by IP analysis to pull down HA-tagged PXXPXR is a common binding site of the SH3 domain of GRB2.2% To

RhoV and RhoV G40V (Figure 4B,C). Furthermore, the anti-GRB2 confirm the binding site of RhoV and GRB2, we constructed mutant
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FIGURE 3 RhoV plays arole in triple-negative breast cancer (TNBC) metastasis. (A) MDA-MB-231 and HCC-70 cells were transiently
transfected with small interfering RNA (siRNA) targeting RhoV. Transwell migration chamber assays were conducted to study changes

in migration capacity (n = 3). The image (left) and quantitative analysis of the total invasive cells (right) are shown. (B) MDA-MB-231 and
HCC-70 cells were transiently transfected with siRNA (small interfering RNA) targeting RhoV. Transwell invasion assays were conducted to
study changes in invasion capacity (n = 3). (C) Cell viability assay of MDA-MB-231 and HCC-70 cells (n = 3). (D) Transwell migration assays
of MDA-MB-231 and BT-549 cells transiently transfected with RhoV and RhoV G40V (n = 3). (E) Transwell invasion assays of MDA-MB-231
and BT-549 cells transiently transfected with RhoV and RhoV G40V (n = 3). (F) Representative images of lung metastasis of MDA-MB-231
cells stably expressing shNC, shRhoV#1, and shRhoV#3 injected into the tail vein of NOD/SCID mice (n = 9). (G) Representative images of
lung metastasis of MDA-MB-231 cells stably expressing RhoV and RhoV G40V injected into the tail vein of NOD/SCID mice (n = 5).
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plasmids of the PXXPXR domain at the N-terminal of RhoV (Figure 5A).
In HEK293T cells, we overexpressed the mutant RhoV and GRB2,
and the Co-IP experiment successfully verified that when the R (Arg,
arginine) of the PXXPXR domain or the whole PXXPXR domain was
deleted, RhoV could not bind with GRB2. Therefore, we concluded
that RhoV interacts with GRB2 through its N-terminal PXXPXR do-
main. However, we also found deleting PXXPXR domain may affect the
stability of the RhoV protein and lead to its degradation (Figure 5A).
In transwell experiments we found that RhoV Mut4 (double arginine-
deleted mutation) overexpression could not promote or even inhibited
cell migration (Figure 5B). Similar phenotype results were obtained in
wound-healing assays in MDA-MB-231 and Hs-578T cells (Figure S4E).
Knockdown of RhoV inhibits cell migration, and it can be rescued by
overexpression of RhoV WT but not RhoV Mut4 (Figure 5C).

Cancer Science RUIP ek

3.6 | Epidermal growth factor receptor interacts
with RhoV through GRB2 and promotes downstream
activation of RhoV

Epidermal growth factor receptor signaling cascade is a key regulator
in cancer development. As we had proved that RhoV could bind with
GRB2, we further wanted to explore whether RhoV could bind with
EGFR, the upstream protein of GRB2.2* Through the Co-IP experi-
ment, we found that under the stimulation of EGF, RhoV could bind
with p-EGFR (Figure 5D). We supposed that under the stimulation of
EGF, p-EGFR interacted with GRB2, and further indirectly interacted
with RhoV to activate RhoV and its downstream proteins. Then, we
wanted to verify whether the interaction between RhoV and EGFR

is dependent on GRB2. In Co-IP experiment, we demonstrated that
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FIGURE 4 GRB2 interacts with RhoV and regulates RhoV's tumor migration-promoting effect. (A) Immunoprecipitation experiments on
HEK-293T-control and HA-RhoV-overexpressed protein samples were identified by mass spectrometry. The identified protein and relative
abundances are shown by a heatmap. (B, C) His-GRB2 combined with CTRL, HA-RhoV- or HA-RhoV G40V-overexpressed HEK293T and
MDA-MB-231 cells were immunoprecipitated by anti-HA magnetic beads. (D) HA-RhoV- or HA-RhoV G40V-transfected HEK293T cells were
lysed and immunoprecipitated by anti-GRB2 antibody. (E) HA-RhoV- or HA-RhoV G40V-transfected HEK293T cells were transfected with or
without GRB2. Cells were lysed and immunoprecipitated by anti-HA magnetic beads. (F) Cell migration ability was measured by the transwell
chamber assays assay (n = 3). (G) Wound-healing assay for MDA-MB-231 and Hs-578T cells transfected with RhoV and RhoV G40V with or
without siGRB2.
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FIGURE 5 The EGFR/GRB2 axis promotes the downstream activation of RhoV. (A) CTRL or HA-tagged different RhoV mutants
overexpressing HEK293T cells were immunoprecipitated with anti-HA magnetic beads and immunoblotted. (B) Cell with migration ability
was measured by transwell chamber assays assay (nh = 3). (C) Transwell migration assays of MDA-MB-231 and BT-549 cells transiently
transfected with RhoV and RhoV Mut4 after transfection with siRNA targeting RhoV (n = 3). (D) HA-RhoV- or HA-RhoV G40V-transfected,
serum-starved Hela cells were stimulated with or without EGF. Cells were lysed and immunoprecipitated by anti-HA magnetic beads. (E)
HA-RhoV- or HA-RhoV G40V-transfected (with or without GRB2), serum-starved Hela cells were stimulated with or without EGF. Cells
were lysed and immunoprecipitated by anti-HA magnetic beads. (F) RhoV- or RhoV Mut4-transfected, serum-starved Hela cells were
stimulated with or without EGF. Cells were lysed and immunoprecipitated by anti-HA magnetic beads. (G) HA-RhoV- or HA-RhoV Mut4-
transfected, serum-starved Hela cells were stimulated with or without EGF. Cells were lysed and immunoprecipitated by anti-HA magnetic
beads. (H) Control vector- and HA-RhoV-transfected, serum-starved cells were stimulated with EGF. Cell lysates immunoblotted with
indicated EGF-dependent signaling antibodies. (I) Transwell migration assays of MDA-MB-231 and BT-549 cells stimulated with or without
EGF. JNK inhibitor was applied in EGF-stimulated cells. (J) Filamentous Actin was visualized with TRITC-conjugated phalloidin in MDA-
MB-231 and BT-549 cells stimulated with or without EGF. JNK inhibitor was applied in EGF-stimulated cells.
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FIGURE 6 The mechanism pattern diagram of RhoV promoting
triple-negative breast cancer (TNBC) metastasis.

GRB2 overexpression strongly improved the binding of RhoV and p-
EGFR (Figure 5E). Also, we showed that RhoV Mut4 was unable to
interact with p-EGFR, as this mutation failed to interact with GRB2
(Figure 5F). Therefore, we are convinced that RhoV could interact
with EGFR through GRB2. Next, we investigated whether EGF could
activate the downstream proteins of RhoV and selected the known
downstream signal pathway PAK1-JNK1/2 for verification.?®> Apart
from its nuclear functions, JNK also regulates the filopodia by phos-
phorylation of diverse cytoplasmic targets.26 Under EGF stimulation,
the binding ability of RhoV WT to PAK1 was significantly greater
than RhoV Mut4, and the binding ability of RhoV WT to PAK1 was
increased under the stimulation of EGF, while RhoV Mut4 was not
(Figure 5G). Subsequently, we found that under the stimulation of EGF
and overexpression of RhoV, the expression of p-JNK increased in the
MDA-MB-231 cell line, but there was no significant change in Hela
cells (Figure 5H, Figure S4F), possibly indicating that RhoV plays a role
specifically in breast cancer cells. JNK inhibitor could suppresses EGF-
induced and RhoV-overexpression cell migration and filopodia forma-
tion in MDA-MB-231 and BT-549 (Figure 5I,J, Figure S4G,H).

Based on the above data, we concluded the specific role of RhoV
in promoting TNBC metastasis (Figure 6). Under the stimulation of
EGF, the EGFR is activated. The p-EGFR further recruits the adap-
tor protein GRB2. In this process, GRB2 acts as a platform, enabling
RhoV and PAK1 to enrich to the signal activation site.?” This effect
greatly improves the combination probability of two proteins, acti-
vates the downstream PAK1-JNK1/2 signaling pathway, promotes
the formation of tumor filopodia, and further promotes the metas-
tasis of TNBC cells.

4 | DISCUSSION

In this research, we utilized an unbiased genetic screen to explore
TNBC metastasis-related genes. We generated a small customized
CRISPR-Cas? library and established a mouse model of metastasis
from TNBC cell lines transfected with the library, which helped us
find out RhoV promoting TNBC metastasis.

RhoV belongs to the atypical Rho family GTPases, which are
poorly understood.?® RhoV induces the formation of lamellipodia
and is located in the adhesion spots of endothelial cells.?? RhoV is
reported to be expressed in the embryos of Xenopus laevis and plays
an important role in neural crest cells differentiation.° In zebrafish
embryos, RhoV regulates the localization of E-cadherin at adhesion
junctions through the activation of pPIX and Pak1.3! Previous re-
search has described RhoV plays an essential role in many cellular
functions, including cytoskeleton formation, cell polarity, cell pro-
liferation, and so on.3223 Importantly, RhoV activity has also been
implied to be related with cellular transformation.®?

However, the particular mechanisms underlying RhoV acti-
vation are still poorly understood. Here, we firstly demonstrated
that RhoV functionally and physically couples with activated EGFR
by GRB2. EGFR is an important member of the RTK family. After
ligand binding, EGFR dimerizes and triggers downstream signaling
activity, including phosphatidylinositol 3-kinase, protein kinase C
(PKC), and mitogen-activated protein kinase (MAPK).2* The adaptor
molecular GRB2, which contains an SH2 domain with two flanking
SH3 domains, plays important roles in these processes.35 The SH2
domain binds the phosphotyrosine residues of EGFR,%¢ and the SH3
domains can recognize proline-rich domains like those found in SOS,
the exchange factor of Ras GTP. Thus, GRB2 links EGFR to down-
stream signaling and further degradation.*®

Our results not only imply a unique activation mechanism of
RhoV via N-terminal-mediated SH3 interaction but also find a pre-
viously undiscovered role for RhoV in regulating EGF signaling and
show an additional possible mechanism by which RhoV can promote
metastasis.

One limitation in the present study should be mentioned.
Although we found that RhoV is specifically and highly expressed
in breast cancer, this article does not fully clarify the physiological
functions of RhoV in breast cancer cells. Therefore, we believe that
how RhoV functions in breast cancer cells still needs to be further
explored.
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