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CELL BIOLOGY

The Hippo pathway mediates Semaphorin signaling

Zhipeng Meng"*3*t, Fu-Long Li't, Cao Fang', Benjamin Yeoman®, Yunjiang Qiu*®, Ying Wang??,
Xiaomin Cai?, Kimberly C. Lin', Di Yang1, Min Luo'’, Vivian Fu', Xiaoxiao Ma®, Yarui Diao®,
n Bing Ren®, Adam J. Engler4, Kun-Liang Guan'*

Filippo G. Giancotti'”

Semaphorins were originally identified as axonal guidance molecules, but they also control processes such as
vascular development and tumorigenesis. The downstream signaling cascades of Semaphorins in these biological
processes remain unclear. Here, we show that the class 3 Semaphorins (SEMA3s) activate the Hippo pathway to
attenuate tissue growth, angiogenesis, and tumorigenesis. SEMA3B restoration in lung cancer cells with SEMA3B
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loss of heterozygosity suppresses cancer cell growth via activating the core Hippo kinases LATS1/2 (large tumor
suppressor kinase 1/2). Furthermore, SEMA3 also acts through LATS1/2 to inhibit angiogenesis. We identified
pP190RhoGAPs as essential partners of the SEMA3A receptor PlexinA in Hippo regulation. Upon SEMA3 treatment,
PlexinA interacts with the pseudo-guanosine triphosphatase (GTPase) domain of p190RhoGAP and simultaneously
recruits RND GTPases to activate p190RhoGAP, which then stimulates LATS1/2. Disease-associated etiological
factors, such as genetic lesions and oscillatory shear, diminish Hippo pathway regulation by SEMA3. Our study
thus discovers a critical role of Hippo signaling in mediating SEMA3 physiological function.

INTRODUCTION

Semaphorins are a large family of secreted or transmembrane pro-
teins that were first identified as repulsive molecules of neural axonal
growth cone (I-3). They were characterized by a common structure
“SEMA” domain, which consists of approximately 500 amino acids
and is essential for the interaction with their membrane receptors
Plexins. Semaphorins are recognized as key regulators for cell mor-
phology and mobility and play critical roles in the development of
the neural system and cardiovascular system, as well as in other
physiological processes. Recent studies have revealed differential
roles of Semaphorins in various types of solid tumors, either tumor
suppressing or tumor promoting depending on their transmem-
brane receptors and co-receptors in the biological contexts (2). No-
tably, class 3 Semaphorins (SEMA3s), which are a group of secreted
Semaphorins that act through their receptors PlexinAs (PLXNAs) and
co-receptors Neuropilins (NRPs), mainly function as tumor sup-
pressors by inhibiting cancer cell growth, metastasis, and angiogen-
esis. Deletion or silencing of SEMA3B and SEMA3F genes has been
observed in lung cancer, metastatic breast cancer, and renal carci-
noma, among many other malignancies (4-7). However, despite the
prominent roles of SEMA3s in various diseases, the downstream
signaling pathway of SEMA3s is not fully understood.
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The Hippo pathway, initially identified by a Drosophila mosaic
screen for overgrowth phenotype, has been shown to play an im-
portant role in human cancers (8, 9). The Hippo pathway kinases,
mammalian STE20-like kinase 1/2 (MST1/2) and large tumor sup-
pressor kinase 1/2 (LATS1/2), are well-established tumor suppressors.
The kinase cascade of MST1/2 and LATS1/2 phosphorylates and
inhibits YAP and TAZ, two transcriptional coactivators that promote
tissue growth and regeneration through binding to the transcriptional
enhanced associate domain family transcription factors (10). Acti-
vation of YAP/TAZ, in most cases due to inactivation of the Hippo
kinase cascade, allows terminally differentiated cells to exit from quies-
cence and enter the cell cycle, mainly through initiating growth-
promoting transcriptomes that relieve the constraints of cell-cell
contact and cell-extracellular matrix adhesion and alter cellular
responses to nutrient and hormone signals (11, 12). Aberrant activa-
tion of YAP/TAZ alone is sufficient to drive the neoplastic transformation
of cells in many scenarios, and elevation of YAP/TAZ is frequently
observed in cancer (8, 9). Moreover, the Hippo pathway has been
established as one of the commonly altered signaling pathways in
human cancer based on the recent The Cancer Genome Atlas
(TCGA) data (13). However, one critical knowledge gap is how the
Hippo pathway activity is maintained by physiological signals to re-
strict tissue overgrowth during tissue development and injury repair.

Here, we connected the Hippo pathway to SEMA3 through a
signaling cascade from the module of PLXNA/p190RhoGAP/RND-
guanosine triphosphatase (GTPase) to Hippo kinases MST1/2 and
mitogen-activated protein kinase kinase kinase kinase (MAP4Ks).
By controlling the YAP/TAZ-mediated transcriptome, SEMA3 re-
stricts cell growth, angiogenesis, and tumorigenesis. We thus uncovered
a long-sought downstream effector of SEMA3 and a previously
unknown physiological signal for Hippo pathway regulation.

RESULTS

SEMAS3 activates the Hippo signaling and inhibits YAP/TAZ
activities via its receptor PLXNA

YAP and TAZ are mainly regulated by LATS1/2-dependent phos-
phorylation, which inhibits YAP/TAZ by promoting their cytoplasmic
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localization and degradation (10). In the search for physiological
factors that modulate the activity of YAP/TAZ, we found that
SEMA3 could induce YAP/TAZ phosphorylation. Treatment with
recombinant human SEMA3A (rSEMA3A) proteins or SEMA3A-
conditioned medium, which was prepared from human embryonic
kidney (HEK) 293A cells overexpressing human SEMA3A (fig. S1A),
induced phosphorylation of YAP/TAZ in glioblastoma cell lines
U87-MG and U373-MG, as well as HEK293A cells (Fig. 1A and fig.
S1B). This was likely due to activation of the Hippo pathway because
mutation of the LATS recognition sites abolished SEMA3A-induced
YAP phosphorylation (fig. SIC). Moreover, phosphorylation of the
LATS hydrophobic motif (HM), a marker for LATS kinase activity,
was strongly induced by SEMA3A (Fig. 1A). Consequently, the
mRNA level of YAP/TAZ target genes (CTGF, CYR61, and ANKRDI)
was inhibited by the rfSEMA3A treatment in both U87-MG and
HEK293A cells (Fig. 1B). Furthermore, our RNA sequencing (RNA-
seq) analyses of SEMA3-treated U87-MG cells revealed that SEMA3A
regulated a myriad of known YAP/TAZ signature genes (Fig. 1C and

fig. S1D) (11, 12). Many SEMA3-regulated pathways or biological
processes predicted by Gene Ontology analysis, such as cell mor-
phogenesis and cell division (fig. S1E), are also regulated by the Hippo
pathway as described previously (14, 15).

To understand the mechanisms by which SEMA3A represses
YAP/TAZ activities, we next determined whether the SEMA3 effects on
YAP/TAZ activities required its transmembrane receptors PLXNAs.
We generated PLXNA1/2/3 triple knockout (tKO) cell lines by
CRISPR-Cas9 (fig. S1, F and G) and found that deletion of PLXNA1/2/3
abolished the SEMA3-induced phosphorylation of LATS and YAP/
TAZ (Fig. 1D). Phosphorylation of YAP/TAZ is known to inactivate
YAP/TAZ by inducing cytoplasmic localization (10). Consistently,
SEMA3A induced cytoplasmic translocation of YAP/TAZ in the
wild-type (WT) cells, but this effect was blocked in PLXNA1/2/3
tKO cells (Fig. 1E and fig. S2A). NRP1/2 are co-receptors for
SEMA3 and work together with PLXNAs to relay SEMA3 signals.
Particularly, NRP1/2 are involved in SEMA3-mediated tumor cell
growth inhibition (I). Therefore, we generated NRP1/2 double
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Fig. 1. SEMA3 induces YAP/TAZ phosphorylation and inactivation. (A) Sema3A activates the Hippo pathway. U87-MG cells were treated with human recombinant
SEMA3A protein (rSEMA3A) or conditioned medium of cells expressing SEMA3A (cm-S3A). Phosphorylation of YAP and LATS was determined by phos-tag and phospho-specific
antibodies, respectively. Slow migration on phos-tag gels indicates that proteins were hyperphosphorylated. 0.5x and 1.0x indicate that the conditioned medium was
diluted twofold or undiluted, respectively. HM, hydrophobic motif; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (B) Quantitative real-time polymerase chain
reaction (PCR) shows that SEMA3A inhibits expression of YAP/TAZ target genes (CYR61, CTGF, and ANKRDT) in U87-MG and HEK293A cells. (C) SEMA3A regulates Hippo
signature genes. A volcano plot of the RNA-seq results showing that rSEMA3A protein decreased expression of YAP/TAZ signature genes in U87-MG cells. In total, 1890 genes were

down-regulated, and 1394 genes were up-regulated. (D) Plexins are required for Hippo regulation by SEMA3A. Wild-type (

WT) and PLXNA1/2/3 tKO HEK293A cells were

treated with SEMA3A. Phosphorylation of YAP and LATS was determined as in (A). (E) SEMA3A induces YAP/TAZ cytoplasmic localization in a PLXNA-dependent manner.
Immunofluorescence was performed to stain cells with YAP/TAZ antibody (red), 4',6-diamidino-2-phenylindole (DAPI) (blue), and phalloidin (green for actin). Scale bars,
25 um. (F) Deletion of NRP1/2 in HEK293A cells compromised SEMA3A-induced phosphorylation of YAP and LATS.
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KO (dKO) cells (fig. S1, F and G) and subsequently found that
deletion of NRP1/2 compromised SEMA3A-induced phosphoryl-
ation of LATS and YAP/TAZ (Fig. 1F), demonstrating that both
PLXNA1/2/3 and NRP1/2 are required for SEMA3 to regulate the
Hippo pathway.

Gene deletion or inactivation of type B and F of SEMA3
(SEMA3B and SEMA3F) has been frequently observed in human cancers,
such as lung cancer, breast cancer, and renal carcinoma (6, 7, 16-19).
Furthermore, previous studies have confirmed the tumor-suppressive
role of SEMA3B and SEMA3F in lung cancer (4-6, 16). We thus
generated SEMA3B- and SEMA3F-conditioned medium to study
their effects on YAP/TAZ activities and cell growth (fig. S2B). Similar
to SEMA3A, both SEMA3B- and SEMA3F-conditioned media induced
YAP/TAZ phosphorylation in multiple cell lines, including lung
cancer cell lines NCI-H1792 and NCI-H1299 (Fig. 2A). These re-
sults further inspired us to characterize the connection between
SEMA3 and the Hippo pathway in disease contexts.

SEMAS3 controls transcriptome and inhibits cell growth via
the Hippo pathway

We and others previously defined that YAP/TAZ phosphoryl-
ation is predominantly caused by the Hippo kinase cascade MST/
MAP4K-LATS in mammalian cells in response to environmental
signals (10, 20). We examined whether the Hippo core kinase cascade
isinvolved in YAP/TAZ regulation by SEMA3. Deletion of LATS1/2
genes abolished SEMA3-induced phosphorylation and cytoplasmic
translocation of YAP/TAZ in U87-MG and HEK293A cells (Fig. 2,
B and C, and fig. S2C), as well as the lung adenocarcinoma cell line
A549, for which LATS1/2 CRISPR-KO cell pools were also generat-
ed (fig. S2, D and E). Notably, YAP/TAZ phosphorylation in A549
cells was induced by SEMA3A treatment or high cell confluency but
not by serum starvation (fig. S2E). Furthermore, deletion of the
upstream Hippo kinases MST1/2 and MAP4K4/6/7 (10, 20), two
group protein kinases that activate LATS1/2 by directly phosphoryl-
ating their HM (20), also blocked YAP/TAZ phosphorylation caused
by rSEMA3A treatment (fig. S2F). Consistently, rSSEMA3A increased
MST?2 kinase activity toward LATS2 (fig. S2G) and promoted the
interaction between MAP4K4 and LATS1 (fig. S2H). Together,
these observations showed that SEM A3 acts via the Hippo kinase
cascade to inactivate YAP/TAZ.

Because the major functional output of the Hippo signaling is
YAP/TAZ-dependent transcription, quantitative real-time polymerase
chain reaction (PCR) analysis was performed to confirm that the re-
pression of YAP/TAZ target genes ANKRDI and CTGF by SEMA3A
was compromised by the LATS1/2 deletion (Fig. 2D). To characterize
whether the Hippo pathway is required for the global transcription
regulation by SEMA3, we performed RNA-seq and principal com-
ponents analysis (PCA) of SEMA3-treated WT and LATS1/2 dKO
U87-MG cells. We found that LATS1/2 played an important role in
the SEMA3-responsive transcriptome as a PCA reveals that the de-
letion of LATS1/2 genes significantly reduce the transcriptomic re-
sponses to SEMA3A (Fig. 2E). We further performed a two-way
analysis with DESeq2 to study the interaction between genotypes
(LATS1/2 dKO versus WT) and treatments (SEMA3 versus control).
The results showed that 36.4% (1195 of 3284) of the SEMA3-responsive
genes (shown in Fig. 1C) were highly dependent on LATS1/2 (Fig. 2F).
These LATS1/2-dependent SEMA3 target genes appear to be involved
in cell cycle regulation, nuclear chromosome segregation, wound
healing, and DNA replication (Fig. 2G), supporting the notion that
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the Hippo pathway mediates the well-known functional effects of
SEMA3. It should be noted that our analysis was focused on the
functional interaction between SEMA3 and LATS1/2. SEMA3 can
also activate downstream targets other than LATS1/2. For instance,
various RhoA effectors, other than Hippo pathway, will be inhibited
by SEMA3. These effectors can play a crucial role in controlling cell
functions (e.g., neuron axon guidance and cell migration) and gene
transcription as reviewed recently (21). Furthermore, SEMA3 also
regulates other non-LATS1/2 substrates of the Hippo kinases MST1/2
and MAP4K4/6/7. For instance, MAP4K4/6/7 can directly phos-
phorylate protein kinases including NDR (nuclear dbf2-related)1/2
(22) and transcription factors including SMAD and transcription factor 4
(23, 24). These MAP4K substrates can play a crucial role in regulating
global gene transcription.

The Hippo pathway mediates biological functions of SEMA3s
in preventing carcinogenesis and angiogenesis

We observed that SEMA3 strongly inhibited the growth of HEK239A
cells and U87 cells but did not affect the cell size (fig. S3, A and B).
Deletion of LATS1/2 blocked the growth-inhibitory effect of SEMA3
in U87-MG and HEK293A cells (fig. S3B). The most characterized
SEMA3s in tumor suppression are SEMA3B and SEMA3F, particu-
larly in lung cancer (6, 7, 16-19). Our analyses of TCGA data also
revealed that lung squamous cell carcinoma and lung adenocarcinoma
(LUAD) showed substantial SEMA3B down-regulation com-
pared with normal tissue (Fig. 3A). Neither SEMA3B nor SEMA3F
gene is expressed in the NCI-H1299 lung cancer cells due to DNA
methylation (16, 17, 25). To investigate the role of the Hippo path-
way in tumor suppression by Semaphorin, we restored the expression
of SEMA3B in both WT and LATS1/2 dKO NCI-H1299 cells using
lentiviral transduction. The SEMA3B restoration increased YAP
phosphorylation in the WT but not in the LATS1/2 dKO cells
(Fig. 3B). Consistently, the SEMA3B reexpression led to growth in-
hibition only in the WT but not the LATS1/2 dKO NCI-H1299 cells
(fig. S3C). Similar observations were made in another LUAD cell
line NCI-H1792 (fig. S3D), which reportedly has minimal expres-
sion of SEMA3B (17).

To further examine the roles of this SEMA3-LATS1/2 signaling
axis in lung cancer anchorage-independent growth and invasive-
ness, we performed a soft agar colony formation assay with the WT
and the LATS1/2 dKO NCI-H1299 cells in which SEMA3B expres-
sion was restored. SEMA3B restoration substantially inhibited the
growth of NCI-H1299 WT cells but not the LATS1/2 dKO cells
(Fig. 3, Cand D). Furthermore, SEMA3B reexpression significantly
reduced the tumor growth of WT NCI-H1299 in xenografted mice
in vivo, whereas tumor growth of the LATS1/2 dKO NCI-H1299
cells was largely insensitive SEMA3B reexpression (Fig. 3, E and F,
and fig. S3E). These data support a key role of the Hippo pathway in
mediating the tumor-suppressive activity of SEMA3 and suggest a
therapeutic potential of SEMA3 gene restoration and YAP/TAZ in-
hibitors in lung cancer treatment.

Previous studies have indicated that Semaphorins are master
regulators in endothelial homeostasis during development and disease
development. Therefore, we speculate whether Hippo signaling
mediates the function of Semaphorins in endothelial homeostasis.
We thus generated LATS1/2 dKO human umbilical vein endothelial
cell (HUVEC) pools and confirmed by LATS antibody Western blot
(Fig. 3G). Conditioned SEMA3A medium or fSEMA3A proteins
strongly induced phosphorylation of LATS and YAP in HUVECs
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Fig. 2. SEMA3 inhibits cell growth via the Hippo pathway. (A) SEMA3B and SEMA3F induce YAP phosphorylation. Conditioned media (cm-S3A, cm-S3B, and cm-S3F)
were used to treat U87-MG, HEK293A, NCI-H1792, and NCI-H1299 cells. YAP phosphorylation was detected by phos-tag gel. (B) LATS1/2 deletion blocks YAP phosphoryl-
ation by SEMA3A. U87-MG cells were infected with lentiviral CRISPR sgRNA (single guide RNA) constructs (sgLATS1/2), and deletions of LATS1 and LATS2 were detected
by Western blots. Cells were treated with a control or SEMA3A-conditioned medium. w/o, without any conditioned medium added. (C) Deletion of LATS1/2 blocks SE-
MA3A-induced YAP cytoplasmic translocation in HEK293A cells. Scale bars, 25 um. (D) ANKRD1 and CTGF transcription repression by SEMA3A requires LATS. Quantitative
real-time PCR analyses were performed with SEMA3A-treated WT and LATS1/2 dKO U87-MG cells. *P < 0.05; **P < 0.01; ns, not significant. (E) LATS1/2 deletion compro-
mises SEMA3A-regulated transcriptome. Principal components analysis of the RNA-seq data of the WT and LATS1/2 KO U87-MG cells treated with or without rSEMA3A. PC,
principal component. (F) A two-way (genotype and treatment) DESeq2 analysis of SEMA3-treated WT and LATS1/2 dKO cells showed that a substantial portion (36.4%) of
genes regulated by the SEMA3 treatment is LATS1/2 dependent. (G) Hippo pathway mediates SEMA3 effects on biological functions such as cytoskeleton organization
and wound healing. Metascape analysis of LATS-dependent SEMA3 target genes (F, red slice) was performed.

(Fig. 3G). As observed in other cell types, SEMA3 inhibits the growth of ~ angiogenesis in a mouse model (27). Histological analyses of blood

HUVECs in a LATS1/2-dependent manner (fig. S3F). SEMA3 restricts
angiogenesis via its roles in endothelial cell migration and morpho-
genesis (I, 2). We observed that SEMA3 also required LATS1/2 to
inhibit tube formation (Fig. 3H), which indicates the capability of
endothelial cells to form blood vessels (26). The LATS1/2 dKO
HUVECs not only are resistant to SEMA3 inhibition but also form
more stable and structured tubes in this assay. We further per-
formed an in vivo plug assay to evaluate the SEMA3 effects on

Meng et al., Sci. Adv. 8, eabl9806 (2022) 25 May 2022

vessels and immunoflurosence of CD31" endothelial cells in the plugs
also demonstrated that SEM A3 overexpression required LATS1/2
to repress blood vessel formation in vivo (Fig. 3, I to K). Further-
more, transwell migration of HUVECs was suppressed by conditioned
medium from SEMA3B-reexpressing NCI-H1299 cells but not
that from control cells. This inhibitory activity of SEMA3B was also
abolished by LATS1/2 deletion (Fig. 3L). The above observations imply
that, in the tumor microenvironment, cancer cells lost the ability to
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Fig. 3. The Hippo pathway mediates the biological functions of SEMA3s. (A) SEMA3B is down-regulated in lung cancers. ****P < 0.0001, Wilcoxon matched-pairs
signed-rank test. LUSC, lung squamous cell carcinoma. RSEM, RNA-seq by expectation-maximization. (B) Deletion of LATS1/2in NCI-H1299 cells block SEMA3B-induced
YAP/TAZ phosphorylation. The left panel shows the KO efficiency of LATS1 and LATS2, while the right panel shows YAP phosphorylation by SEMA3B. (C) Suppression of
anchorage-independent colony formation in NCI-H1299 cells by SEMA3B requires LATS1/2. A representative image was shown for triplicates in each group. Notably,
LATS1/2 dKO formed larger colonies, and SEMA3B still reduced colony size in LATS1/2 dKO cells, suggesting that SEMA3B may attenuate colony growth by additional
mechanisms. (D) Quantification of (C). ***P < 0.001, two-tailed t test, n = 3; n = 3. (E) Inhibition of NCI-H1299 xenograft volume by SEMA3B requires LATS1/2. ****P < 0.0001,
two-way analysis of variance (ANOVA) test, n = 8. The results shown here are representative of two independent animal trials. (F) Measurement of tumor weights.
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proteins inhibit tube formation of WT but not LATS1/2 dKO HUVECs. (1) Hematoxylin and eosin staining of an in vivo plug assay using WT and LATS1/2 dKO HUVECs inoc-
ulated into nonobese diabetic/severe combined immunodeficient mice. SEMA3A gene expression was introduced to the cells by lentiviral transduction. Mature blood
vessels with blood are shown in the representative images. Scale bars, 50 um. (J) CD31 staining of endothelial cells in the plugs. Scale bars, 20 um. (K) Quantification and
statistical analysis of (J). **P < 0.01, S3A versus Ctrl, Student’s t test was performed. (L) Conditioned medium from SEMA3B-restored NCI-H1299 cells, but not from the
control cells, inhibits transwell migration of HUVECs in a LATS1/2-dependent manner.
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suppress angiogenesis due to SEM A3 deficiency, while normal lung
cells secrete SEMA3 to inhibit angiogenesis.

p190RhoGAP mediates YAP/TAZ inhibition by
SEMA3 and PLXNA
We next investigated the mechanisms by which PLXNA1/2/3 and
NRP1/2 mediate SEMA3A signals to the Hippo kinase cascade. PLXNAs
were recently reported as GTPase activating proteins (GAPs) for
Ras-related protein 1 (RAP1) and RAP2 (28, 29). One possible model
is that SEMA3 acts through PLXNA to inactivate RAP1 and/or RAP2
to induce YAP/TAZ phosphorylation. However, RAP2 is known to
induce YAP/TAZ phosphorylation (11), inconsistent with the above
model. Deletion of RAP2 reduced YAP phosphorylation, although
the response to SEMA3 was also compromised (fig. S3F). Further-
more, expression of a constitutively active RAP1 had minimal effect
on SEMA3-induced YAP/TAZ phosphorylation (fig. S3G). On the basis
of these results, RAP1 and RAP2 are unlikely to be the key down-
stream effectors responsible for YAP/TAZ inhibition by SEM3A.
To identify the downstream mediators of PLXNA, we used a
TurbolD approach to label PLXNA1 proximal proteins (30). We fused
the TurbolD biotin ligase to the C terminus of PLXNA1 and expressed
the PLXNA1-TurbolD fusion proteins, as well as corresponding
controls, in U87-MG cells. We then labeled the potential interacting
proteins with biotin after rSEMA3A treatment as illustrated in
Fig. 4A. Tandem mass tag (TMT) labeling combined with liquid
chromatography-mass spectrometry (LC-MS) was used to analyze
the proteins recruited to PLXNA1 upon rSEMA3A treatment. PLXNA1,
even in the absence of ISEMA3A, already interacted with quite a few
Hippo components (Merlin/NF2, PTPN14, SCRIB, SCRIB, ITGB2,
MAP4K4, MAP4K5, and MINK1/MAP4K6) and many RhoGAP
proteins (ARHGAP1/22/31/35/39) (Fig. 4B, top). However, only the
interaction between ARHGAP35/p190RhoGAP-A with PLXNAI was
significantly increased by rSEMA3A treatment (Fig. 4B, bottom,
and tables S1 to S3). We further confirmed this dynamic interaction
between PLXNA and ARHGAP35 by coimmunoprecipitation (Fig. 4C).
To test whether ARHGAP35 and its closest homolog ARHGAPS5/
p190RhoGAP-B are involved in the Hippo pathway regulation by
SEMA3, we overexpressed ARHGAP35 and ARHGAP5 in HEK293A
cells and found that both ARHGAP35 and ARHGAPS5 could induce
YAP phosphorylation (fig. S4A). Both the canonical Hippo kinases
MST1/2 and noncanonical Hippo kinases MAP4K4/6/7 were in-
volved in the YAP phosphorylation induced by ARHGAP5/35 (fig.
S$4B). Deletion of both ARHGAP5 and ARHGAP35 in two different
CRISPR-KO clones consistently blunted the SEMA3A-induced
phosphorylation and cytoplasmic translocation of YAP/TAZ (Fig. 4,
D and E, and fig. S4C). These data show that the two p190RhoGAPs
are required for the Hippo regulation by SEMA3.

The pseudo-GTPase domain of ARHGAP35 interacts

with PLXNA1 and facilitates ARHGAP35 activation by
PLXNA1-recruited RND GTPases

To understand the mechanisms by which PLXNA interacts with
ARHGAP35 and activates the Hippo pathway, we analyzed the struc-
tural domains of ARHGAP35 (Fig. 5A). These include an N-terminal
Ras-like pseudo-GTPase [constitutive guanosine 5’-triphosphate
(GTP) binding], four FF domains, two middle pseudo-GTPase do-
mains (nucleotide-binding deficient), a lipid-binding domain, and
a C-terminal GAP domain (known to target RhoA or Racl GTPase)
(31). RhoA GTPase has been implicated to regulate the Hippo-YAP
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signaling. However, a previous study shows that inhibition of Rho
GTPases by ARHGAP5/35 is insufficient to inactivate YAP (32). To
test whether RhoA inhibition can result in YAP phosphorylation
through the Hippo kinase cascade, we applied three different
approaches—RhoA inhibitor C3 treatment, dominant-negative RhoA
overexpression, and RhoGDI overexpression—to inhibit RhoA. All
the three different approaches induced YAP phosphorylation in a
LATS1/2-dependent manner (fig. S4, D to F). Both canonical Hippo
kinases MST1/2 and noncanonical Hippo kinases MAP4K4/6/7 are
involved in this effect of Rho inhibition on YAP phosphorylation.
Rescuing ARHGAP5/35 dKO HEK293A cells with an ARHGAP35
without the RhoGAP domain (dGAP) (fig. S4G) could not restore
SEMA3A-induced YAP phosphorylation in contrast to the rescue
by the full-length ARHGAP35 (WT) (Fig. 5B). These results togeth-
er connect PLXNA1 to ARHGAP35 and then to RhoA GTPase and
the Hippo kinase cascade.

The N-terminal GTPase domain and its nucleotide-binding were
also important for ARHGAP35 to mediate SEMA3A-induced YAP
phosphorylation, as ARHGAP35 with the deletion of N-terminal
GTPase (dGAP) or the mutation of nucleotide-binding residue (S36N)
could not fully rescue SEMA3A-induced phosphorylation of YAP
and LATS (Fig. 5B). Furthermore, a constitutively active N-terminal
GTPase mutant (G29V) even slightly enhanced YAP phosphorylation.
We speculate that the N-GTPase domain likely creates an interac-
tion interface between ARHGAP35 and PLXNA1 as implicated from
a previous structural biology study (31), and this interaction is essen-
tial for PLXNALI to activate ARHGAP35. Therefore, we performed
a coimmunoprecipitation between PLXNA1 and ARHGAP35 with
deletion of various domains (fig. S4G). We found that the N-GTPase
domain was indeed required for interaction with PLXNA1 (Fig. 5C).
On the other hand, deletion of any intracellular domains in PLXNA1
prevented its interaction with ARHGAP35 (Fig. 5D), suggesting that
the overall structural integrity or the configuration of PLXNAL is
essential for the ARHGAP35 interaction.

To gain more insights into the mechanism by which PLXNA1
activates p190RhoGAP upon SEMA3 treatment, we searched other
related p190RhoGAP upstream regulators and noticed that small
GTPases RND1 and RND3 have been reported to activate ARHGAP35
and interact with both PLXNA1 and p190RhoGAP (33-36). To test
the roles of RND1/3 in the SEMA3-Hippo signaling, we expressed
the mouse PLXNA1 mutant that is deficient in RND binding
(LVP1598-1600GGA) (35, 36) and found that only the WT PLXNA1,
but not the GGA mutant, could rescue the SEMA3 responses in
PLXNA1/2/3 tKO cells (Fig. 5E). We subsequently investigated the
effects of RND on YAP/TAZ phosphorylation. Ectopic overexpres-
sion of RND GTPases triggered YAP/TAZ phosphorylation in a dose-
dependent manner (Fig. 5F and fig. S5A). Deletion of RND1 and
RND3 (fig. S5B), the two RND GTPases that are located at the plasma
membrane and respond to SEMA3 (34), nearly abolished SEMA3A-
induced YAP/TAZ phosphorylation (Fig. 5G). However, in contrast
to the WT, RND mutants deficient in ARHGAP35 binding (RND1-
T45A and RND3-T55A) lost the ability to induce YAP phosphoryl-
ation (fig. S5C). SEMA3 could rapidly induce the interaction between
RND1 and ARHGAP35 in a time- and dose-dependent manner
(Fig. 5H and fig. S5D), and this enhancement required both the re-
ceptor binding domain (RBD) and the GAP domain of PLXNA1
(fig. S5E). Together, these data suggest that RND GTPases are key
mediators acting between PLXNA and ARHGAP35 to relay SEMA3
signals to the Hippo pathway.
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Fig. 4. p190RhoGAP mediates YAP/TAZ inhibition by SEMA3 and PLXNA. (A) A flow chart illustrating the TurbolD-Mass Spectrometry that was used to identify pro-
teins whose interactions with PlexinA are affected by rSEMA3A treatment. (B) A graph showing proteins that inherently or dynamic interacts with PlexinA1 before and
after SEMA3 treatment. Notably, many RhoGAPs (RHGs) interact with PlexinA1, but only p190RhoGAP-A (ARHGAP35, RHG35) increases its interaction with PlexinA1 upon
rSEMA3A treatment. (C) A coimmunoprecipitation of endogenous ARHGAP35 and PlexinA2 using an ARHGAP35 antibody. The star (*) indicates PlexinA2, and # indicates
ARHGAP35. IB, immunoblot; IP, immunoprecipitation; IgG, immunoglobulin G. (D) Deletion of ARHGAP5/35 in HEK293A cells blocks rSEMA3A-induced phosphorylation

and (E) cytoplasmic translocation of YAP. Scale bars, 25 um.

Loss of function of RND1/3 and ARHGAP5/35 compromises
SEMA3-induced growth inhibition of cancer cells

Both RND1 and ARHGAP35 have been implicated as tumor sup-
pressor genes, and hotspot and truncated mutations of these genes
are observed in human cancers (32, 37). Knockdown of RND1/3 or
ARHGAP5/35 by RNA interference (RNAi) (fig. S6, A and B)
substantially compromised SEMA3-induced YAP phosphorylation
(fig. S6C) and growth inhibition in non-small cell lung cancer
NCI-H1792 cells (Fig. 6A). We next asked whether the cancer-associated
hotspot mutations affect their function in the Hippo pathway regu-
lation by SEMA3. RND1-G70R is a reoccurring mutant in breast
cancer (37). We found that, unlike the WT RND1, overexpression

Meng et al., Sci. Adv. 8, eabl9806 (2022) 25 May 2022

of the RND1-G70R mutant was unable to induce YAP phosphoryl-
ation or to interact with ARHGAP35 (Fig. 6B and fig. S6D). Next,
we examined whether the hotspot mutations in RND1, RND3, or
ARHGAP35 affect their abilities in mediating SEMA3 signaling to
YAP phosphorylation and cell growth inhibition. The tumor-derived
mutants of RND1/3 and ARHGAP35 were expressed in RND1/3
dKO and ARHGAPS5/35 dKO cells, respectively (fig. S6, E and F).
Several mutations—including E98D and M185V of RNDI, S95L of
RND3, and V1317M of ARHGAP35—were compromised in their
ability to restore the YAP phosphorylation (Fig. 6C) and growth
inhibition (Fig. 6D) in response to SEMA3 treatment. On the basis of
the TCGA PanCancer Atlas studies, a substantial number (164 among
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(A) Schematic illustration of p190RhoGAP-A functional domains. There are an N-terminal pseudo-GTPase domain (constitutive GTP-binding), four FF domains, two pseu-
do-GTPase domains (pG1 and pG2, deficient in nucleotide binding), a lipid-binding (LB) domain, and a C-terminal RhoGAP domain. (B) The N-GTPase domain and the
C-terminal RhoGAP domain are involved in SEMA3-induced YAP phosphorylation. Reexpression of WT, RhoGAP-deleted (dGAP), N terminal GTPase-deleted (dN-GTPase), active
GTPase (G29V), and inactive GTPase (S36N) mutant of ARHGAP35 was done in ARHGAP5/35 dKO cells. (C) PLXNA interacts with ARHGAP35 via the N-GTPase domain. Hemagglutinin
(HA)-PLXNA1 and Myc-ARHGAP35 deletion mutants were co-transfected into HEK293A cells. HA-PLXNA1 was immunoprecipitated, and coprecipitated Myc-ARHGAP35
mutants were detected by Western blot. Deletion of the N-GTPase domain—but not pG1 and pG2, LB, and RhoGAP domains—of ARHGAP35 affects the PLXNAT interaction.
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PLXNAT plasmids encoding deletion mutants were transfected into HEK293A cells that were then treated with SEMA3. Western blot with HA and ARHGAP35 antibodies
was used to analyze the coimmunoprecipitants. (E) RND binding to PLXNA1 is required for SEMA3-induced YAP phosphorylation. WT and RND-binding deficient (LVP — GGA)
mutant mouse PLXNA1 was reexpressed in PLXNA1/2/3 tKO cells, which were treated with SEMA3A. (F) RND1 induces YAP phosphorylation. Green fluorescent protein
(GFP)-RND1 was transfected in HEK293A cells. GFP-RND1 expression and YAP phosphorylation were determined. (G) Deletion of RND1/3 blocks SEMA3A-induced phos-
phorylation of YAP and LATS in HEK293A cells. (H) Interaction between RND and ARHGAP35 is enhanced by SEMA3 in a time-dependent manner. Flag-RND1-transfected
HEK293A cells were treated with rSEMA3A and harvested at the indicated time. Coimmunoprecipitation was performed to analyze interaction between RND1 and ARHGAP35.

Oscillatory shear stress blocks SEMA3A-induced

YAP/TAZ inactivation

Mechanical cues—such as cell-cell contact, matrix stiffness, and flow
shear—can regulate Hippo signaling (11, 38). PLXND1 and PLXNB1/2

443 in total) of ARHGAP35 mutations in cancers are truncating
mutations, which result in loss of the C-terminal RhoGAP domain
and are predicted to be inactive to regulate the Hippo pathway based
on our data (Fig. 5B). These results further support the role of RND1/3

and ARHGAP5/35 in SEMA3 signaling and the tumor suppressor
function of SEMA3 through Hippo pathway activation.
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were reported to respond to mechanical cues to modulate cell
behaviors (39-41). For example, laminar and oscillatory shear can
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regulate PLXNDI configuration to influence cellular mechanore-
sponses during atherosclerosis. During development, cell-cell
contact may also act through PLXNB to control YAP/TAZ subcel-
lular location, but the exact effects of plexins on YAP activity are not
entirely consistent among different studies (39-41). We observed
that overexpression of PLXNA1 or PLXND1 did not counteract
YAP phosphorylation by high cell density, whereas expression of the
positive control lysophosphatidic acid receptor LPARI decreased
YAP phosphorylation (Fig. 7A). PLXNAI overexpression slightly
increases YAP phosphorylation. Considering the key roles of PLXNA
in endothelial homeostasis (1), we examined whether shear stress
may affect cellular responses to PLXNA ligand SEMA3. We found
that atherosclerosis-mimicking oscillatory shear decreased the
phosphorylation of LATS1/2 and YAP and promoted YAP/TAZ
nuclear localization (fig. S7, A to C). Notably, oscillatory flow shear
stress abolished YAP/TAZ regulation by SEMA3s (Fig. 7, B and
C, and fig. S7D). This was further confirmed by our quantitative

Meng et al., Sci. Adv. 8, eabl9806 (2022) 25 May 2022

real-time PCR of YAP target genes (fig. S7E). All these data indicate
that, under atherosclerotic conditions, endothelial cells may encounter
compromised YAP/TAZ regulation by physiological SEMA3s, thus
contributing to the disease progression.

To understand how oscillatory shear blocks the activity of
SEMA3A in Hippo pathway regulation, we determined the activity
of RhoA and Racl under SEMA3 treatment and/or oscillatory shear.
RhoA, but not Racl, was inhibited and activated by SEMA3A and
oscillatory shear, respectively (Fig. 7D). Notably, oscillatory shear
nearly abolished the inhibitory effect of SEMA3A on RhoA. We
further examined the interaction between PLXNA1 and its down-
stream interactors ARHGAP35 and RND1 in response to oscillary
shear (Fig. 7E). Oscillatory shear had little effect on the interaction
between RND1 and ARHGAP35 or PLXNAI. These results imply
that oscillary shear uses mechanisms different from SEMA3 in Hippo
regulation, and components downstream of ARHGAP35 may ac-
count for the effect of oscillatory shear on Hippo signaling. Oscillatory
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Fig. 7. Oscillatory shear stress blocks SEMA3A-induced YAP/TAZ dephosphorylation and cytoplasmic localization. (A) PLXNAT overexpression modestly increases
YAP phosphorylation. N-terminal tagged PLXNA1, PLXND1, and their mutant forms are cotransfected with HA-tagged YAP into HEK293A cells, which are seeded at the
low or high confluence as previously described (20). LPAR1 denotes the lysophosphatidic acid receptor. (B) Oscillatory shear stress blocks SEMA3A-induced YAP/TAZ cy-
toplasmic localization. HEK293A cells were treated with oscillatory shear stress for 2 hours in the conditioned medium of cells expressing SEMA3A or control vector. Im-
munofluorescence was performed to stain cells with YAP/TAZ antibody (red) and DAPI (blue). (C) Oscillatory shear (OS) stress blocks SEMA3A-induced Hippo pathway
activation. Phosphorylation of YAP and LATS was determined by phos-tag and phospho-specific antibodies, respectively. (D) RhoA, not Rac1, is activated by oscillatory
shear, which also blocks the deactivation of RhoA induced by SEMA3A. After indicated treatments, these cells were lysed and incubated with RhoA-GTP or Rac1-GTP-
binding strips. The active GTP-bound Rho protein was recognized by specifically primary antibodies and horseradish peroxidase (HRP)-linked secondary antibody. Signal
was measured using a microplate spectrophotometer. The bottom panel was the total protein level of RhoA/Rac1 in cell lysates. OD, optical density. (E) Oscillatory shear
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shear activated RhoA GTPase (Fig. 7D) (42), which is well known to
regulate the Hippo pathway. We posit that RhoA activation by oscilla-
tory shear antagonizes the effect of SEMA3s on the Hippo pathway.

DISCUSSION

SEMA3s have been regarded as fate-determining molecules in many
biological processes, including neural axon guidance, cell growth con-
trol, migration, invasion, and angiogenesis (I); however, the down-
stream effectors of SEMA3/PLXNA in these processes have not yet
been systematically defined.

Meng et al., Sci. Adv. 8, eabl9806 (2022) 25 May 2022

In our study, we performed several functional genomics and
proteomics studies to uncover that the Hippo pathway acts as a key
mediator for the function of SEMA3 in cell growth inhibition and
tumor suppression. Numerous genetic studies have established a
key positive role of YAP/T'AZ in angiogenesis (43), while one of the
best established Semaphorin functions is anti-angiogenesis (1). Our
study suggests that inhibition of YAP/TAZ may represent one mechanism
for Semaphorins to control angiogenesis. Moreover, the SEMA3A-
induced transcriptome, particularly the transcription repression, is
highly dependent on the Hippo pathway. Mechanistically, the SEMA3
receptor PLXNA serves as a docking site for RND GTPases and
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p190RhoGAPs (ARHGAP5/35) through its RBD and the segmented
GAP domains, respectively (Fig. 5). Notably, the function of pseudo-
GTPase domains is emerging only very recently through structural
analyses of ARHGAPS5/35 proteins, which is believed to provide an
interactive interface for upstream regulators (31, 44). In this study,
we found that the pseudo-GTPase domain of ARHGAP5/35 direct-
ly interacts with the segmented GAP domains of PLXNA. PLXNA
thus promotes ARHGAP5/35 to interact with RND upon SEMA3
binding, resulting in RhoA inhibition. When RhoA is inactivated, the
Hippo kinase cascade is activated by striatin-interacting phosphatase
and kinase (STRIPAK) complexes and/or the actin cytoskeleton (fig.
S7F) (20). Our study thus defines the PLXNA-RND-p190RhoGAP
signaling axis as a key link connecting the morphogen SEMA3 to
the core Hippo kinases and provides the first example of the pl90RhoGAP
pseudo-GTPase domains mediating intracellular signal transduction
to control cancer cell growth. In addition, the RND-p190RhoGAP-
Hippo signaling may work in parallel to RND-RAP1-p120RasGAP
to mediate the growth inhibitory effects of Semaphorins as pre-
viously reported (37).

Future studies are needed to comprehensively characterize how
the SEMA3-Hippo signaling is dysregulated in disease microenvi-
ronments. Many components of this pathway are inactivated by genetic
mutations as we illustrated (Fig. 6). Furthermore, mechanical cues
can also modulate the sensitivities of this signaling (Fig. 7). More studies
are needed to understand how disease cues contribute to pathogenesis
by inactivating the SEMA3-Hippo signaling in contexts including
cell migration, angiogenesis, cancer metastasis, and fibrosis, where
both SEMA3 and YAP/TAZ are known to play important roles. As
both Semaphorins and YAP/TAZ inhibitors are now regarded as new
therapeutic agents, our study suggests potential novel therapies
for diseases associated with aberrant SEMA3-Hippo signaling.

MATERIALS AND METHODS

Plasmids

The plasmids containing human SEMA3B and SEMA3F or
ARHGAPS5/35 protein coding sequences were purchased from
transOMIC Technologies. Then, the coding sequences were sub-
cloned into expression plasmids. The green fluorescent protein-
tagged RND1/2/3 plasmids were gifts from C. Der. (Addgene, #23227,
#23228, and #23229).

CRISPR-Cas9 system was used to delete genes in HEK293A,
U87-MG, and A549 cells. The plasmids px459 v2 and lentiCRISPR
v2 were provided by F. Zhang (Addgene, #62988 and #52961). The
single guide RNA sequences targeting individual genes were shown
in supplementary figures, or described previously (11), or as follows:

ARHGAPS5 (#1: ACTATACTGATGGTATAGGA; #2: ATACT-
GATGGTATAGGATGG) and ARHGAP35 (#1: CACCACACT-
GATGTTGTAGG; #2: GTCACTGGTGCTGAGGACGG). The Duplex
RNAI for RND1/3 or ARHGAPS5/35 and control RNAi Duplex were
purchased from IDT DNA Technology and transfected into the
cells by Lipofectmine RNAiIMAX (Thermo Fisher Scientific).

Cell culture

HEK293A were described previously (11, 20). U87-MG cells were
purchased from the American Type Culture Collection. U373-MG,
A549,NCI-H1299, and NCI-H1792 cells were gifts from D. Cheresh
at University of California, San Diego. Conditioned medium for
SEMA3 was prepared from HEK293A cells stably expressing SEMA3.
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For SEMA3 treatment, cuture medium was changed 1 hour before
the recombinant proteins, or conditioned medium was added to
eliminate the effects of the basal level of SEMA3 secretion from
the cells.

Staining and microscopy

For immunofluorescence, cells were fixed in 4% formaldehyde/
phosphate-buffered saline (PBS) for 10 min and then were treated
with 0.1% Triton X-100 for 15 min. After blocking, the cells were
stained with corresponding antibodies. Most images were captured
with a Nikon Eclipse Ti confocal microscope and then were export-
ed from NIS elements imaging software. The quantification of plug
area was performed by Image] software.

Animal studies

Eight- to 9-week-old female nude mice were purchased from the
Jackson Laboratory. The mice were hosted in a specific pathogen-
free room under standard 12-hour light/12-hour dark cycle, fed
with standard rodent chow and water ad libitum, and randomized
before experiments. The sample size choice was not predetermined
for each experiment. The investigators are blinded to group alloca-
tions during data collection and analyses. All the procedures fol-
lowed the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals, and the Institutional Animal Care and
Use Committee at the University of California, San Diego approved
the experiments. For subcutaneous tumor growth, the maximum
single tumor cannot exceed 2 cm in diameter in mice, and no exper-
iments in the study generated tumor burden over this limit. The
plug assay was performed on the basis of previously published pro-
tocols (27, 45). Briefly, 2 x 10® WT and LATS1/2 dKO HUVECs with
or without SEMA3A expression were embedded into growth factor-
reduced Matrigel and then inoculated into nonobese diabetic/severe
combined immunodeficient mice (JAX) via subcutaneous injec-
tions. The plugs were recovered 14 days after the inoculation.

Quantitative real-time PCR

Total RNAs were extracted with a kit from QIAGEN. Reverse tran-
scription was performed with iScript from Bio-Rad. The real-time PCR
was performed with the Applied Biosystems 7300 with primers targeting
CYR61 and ANKRD1: CYR61 (forward: 5-AGCCTCGCATCCTATA-
CAACC-3’; reverse: 5'-TTCTTTCACAAGGCGGCACTC-3') and
ANKRD (forward: 5'-GTGTAGCACCAGATCCATCG-3’; reverse:
5'-CGGTGAGACTGAACCGCTAT-3’). The gene expression was
normalized to glyceraldehyde-3-phosphate dehydrogenase.

RNA-seq and bioinformatics analysis

Total RNAs were extracted by TRIzol (Thermo Fisher Scientific)
from SEMA3A-treated U87-MG cells and control cells. Three replicates
for each sample were prepared and analyzed. The resulting RNAs
were then used to prepare libraries using the Illumina TruSeq
Stranded mRNA Library Prep Kit set A (Illumina, RS-122-2101) or
set B (Illumina, RS-122-2102). The libraries were sequenced using
Ilumina HiSeq 4000 (paired-end, 50 base pairs).

Reads were aligned to the hgl9 reference genome using STAR
(46). Only uniquely mapped reads were kept for further analysis. The
number of reads for each gene was counted using htseq-count 33
according to GENCODE human annotation release 24. Differentially
expressed genes were identified with DESeq2 (47). Genes that are not
expressed (sum of counts < 1 across all samples) were removed
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before differential gene expression analysis. Two sets of analyses were
performed to identify differentially expressed genes. Genes with ad-
justed P value of <0.1 were considered as differentially expressed.
To identify differentially expressed genes under different combi-
nations between condition and genotype, a DESeq2 model with four
groups (two genotypes and two conditions) was built and each pair
of conditions was compared separately to identify differentially
expressed genes. To identify genes with differential effects upon
SEMA3 treatment under WT and LATS1/2 KO genotypes, a model—
consisting of the genotypes, the conditions (SEMA3 versus control),
and an interaction term—was built with DESeq2 and the interac-
tion term was tested to determine the SEMA3 effect under the two
genotypes. In both cases, genes with adjusted P value of <0.1 were
considered as differentially expressed. Enrichment analysis of dif-
ferentially expressed genes was performed using Metascape (48).

TurbolD

Proximal proteins of PLXNA1 were biotinylated and isolated using
the TurboID methods (49) with a few modifications. Briefly, U87 cells
were infected with lentivirus expressing PlexinA1-TurboID-fused
protein or Vector-TurbolD as control, and a stable population was
selected, respectively. The medium was supplemented with biotin at
1 uM for 15 min before harvest. Cells were washed three times on
ice with cold PBS and lysed in radioimmunoprecipitation assay
(RIPA) lysis buffer [150 mM NaCl, 50 mM tris (pH 7.5), 1% NP-40,
0.5% sodium deoxycholate, and 0.1% SDS]. Affinity purification was
done with streptavidin-coated magnetic beads (20 pl of slurry per
100-mm dish of cells; Thermo Fisher Scientific, #88817).

Protein samples on magnetic beads were subsequently washed
twice with 1 ml of RIPA lysis buffer, once with 1 ml of 2% SDS, once
with 1 ml of 1 M KCl, once with 1 ml of 0.1 M Na,COs3, and twice
with 1 ml of 2 M urea in 50 mM tris-HCI (pH 7.5). These beads were
incubated with 150 pl of 2 M urea/50 mM tris containing 1 mM
dithiothreitol and 1 pg of sequencing grade trypsin (Promega,
#V5111) overnight at 37°C with shaking. Digested samples were acid-
ified using trifluoroacetic acid to a final concentration of 0.5%. Pep-
tide samples were desalted on C18 Sep-Pak cartridges (Waters) and
evaporated to dryness in a vacuum concentrator.

TMT labeling and LC-MS/MS

Each peptide sample was resuspended with 20 pl of 25 mM phos-
phate buffer (pH 8.0) and labeled with different isobaric TMT re-
agent (8 ul x 5 pug/ul; Thermo Fisher Scientific, #90110) for 2 hours
at room temperature. These labeled peptides were then combined
and desalted on C18 spin columns and evaporated to dryness in a
vacuum concentrator. These combined peptide samples were first
fractionated using a HILIC column (TSKgel Amide-80) to generate
14 fractions. Fractions were combined into five and then analyzed
by LC-MS/MS on the Thermo Orbitrap Fusion MS system. MS data
were analyzed via the COMET peptide search engine as part of the
Trans-Proteomic Pipeline (TPP). The search results were then pro-
cessed using TPP, where quantification of the TMT reporter ion
was analyzed by the Libra software tool. A false discovery rate of less
than 1% was applied for the peptide identification, and a minimum
intensity of the TMT reporter ion was set at 1000.

Shear stress
HEK293A cells were seeded onto poly-L-ornithine [0.001% (w/v)]-
coated glass slides and grown until confluence. For the shear experiments,

Meng et al., Sci. Adv. 8, eabl9806 (2022) 25 May 2022

the slides were assembled into rectangular parallel plate flow chambers
and connected to a diaphragm liquid pump (KNF, FF 12KPDCB-4)
controlled by a custom pump controller. HEK293A cells were exposed
to shear stress (1) of 1.0 + 0.5 dyn/ cm®or kept as static control in the
chamber. Shear stress in the chamber occurs via Poiseuille flow
through a rectangular cross section, which obeys the relationship:
6Qu
wh?
proximately 1 cP, channel height (k) is 0.79 mm, and channel width
(w) is 19.37 mm. The system was kept in a humidified incubator at
37°C, and the circulating medium was equilibrated with humidified
5% (v/v) CO,.

T = , where flow rate (Q) is 13.5 ml/min, viscosity (u) is ap-

RhoA and Rac1 activation assay

The RhoA and Racl activation assays were performed by measuring
the active RhoA/Racl interacting with Rho-GTP-binding strips us-
ing G-LISA kits (Cytoskeleton Inc. #BK124 and #BK127). Briefly,
25 pg of cell lysates of each group was incubated with Rho-GTP-
binding strips at 4°C for 30 min with shaking. GTP-bound RhoA or
Racl in cell lysates was bound to the wells, while GDP-bound GTPase
was removed during washing steps. The active GTPase was detected
with a protein-specific antibody, followed by incubation with horseradish
peroxidase (HRP)-linked secondary antibody and HRP detection
reagent. The signal was read by measuring the absorbance at 490 nm
using a microplate spectrophotometer (Infinite 200 Pro, TECAN).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl9806

View/request a protocol for this paper from Bio-protocol.
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