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Rho family small GTPases (Rho) regulate various cell
motility processes by spatiotemporally controlling the actin
cytoskeleton. Some Rho-specific guanine nucleotide exchange
factors (RhoGEFs) are regulated via tyrosine phosphorylation
by Src family tyrosine kinase (SFK). We also previously re-
ported that PLEKHG2, a RhoGEF for the GTPases Rac1 and
Cdc42, is tyrosine-phosphorylated by SRC. However, the de-
tails of the mechanisms by which SFK regulates RhoGEFs are
not well understood. In this study, we found for the first time
that PLEKHG1, which has very high homology to the Dbl and
pleckstrin homology domains of PLEKHG2, activates Cdc42
following activation by FYN, a member of the SFK family. We
also show that this activation of PLEKHG1 by FYN requires
interaction between these two proteins and FYN-induced
tyrosine phosphorylation of PLEKHG1. We also found that
the region containing the Src homology 3 and Src homology 2
domains of FYN is required for this interaction. Finally, we
demonstrated that tyrosine phosphorylation of Tyr-720 and
Tyr-801 in PLEKHG1 is important for the activation of
PLEKHG1. These results suggest that FYN is a regulator of
PLEKHG1 and may regulate cell morphology through Rho
signaling via the interaction with and tyrosine phosphorylation
of PLEKHG1.

Rho family small GTPases (Rho) spatiotemporally regulate
various cellular responses such as cell morphogenesis, prolif-
eration, and differentiation through actin cytoskeletal rear-
rangement (1–3). As with other GTP-binding proteins, Rho
including RhoA, Rac, and Cdc42 oscillate between an inactive
GDP-bound state and an active GTP-bound state. Rho are
activated by Rho-specific guanine nucleotide exchange factors
(RhoGEFs), which activate Rho by promoting the conversion
of GDP to GTP. On the other hand, Rho are suppressed by
intrinsic GTPase activity, which is stimulated by Rho-specific
GTPase-activating proteins (RhoGAPs) (1–3). In this way,
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RhoGEFs and RhoGAPs play a crucial role in controlling the
regulation of Rho. A major subgroup of RhoGEFs are the
diffuse B-cell lymphoma (Dbl) family RhoGEFs, members of
which contain a highly conserved Dbl-homology (DH) domain
that catalyzes the GDP/GTP exchange, and a pleckstrin ho-
mology (PH) domain followed by a DH domain. More than 60
different Dbl family RhoGEFs have been identified in
mammalian genomes (1–3). It is known that RhoGEFs are
spatiotemporally regulated by various extracellular signals
through an intramolecular multifunctional domain in
RhoGEF.

Several RhoGEFs, including Asef and β-Pix, have been
shown to be regulated through tyrosine phosphorylation by
Src-family tyrosine kinases (SFKs). Asef is phosphorylated at
Tyr-94 and activates Rac in a manner dependent on SFKs in
epidermal growth factor (EGF)-stimulated A431 cells (4).
There is a report that the phosphorylation–dephosphorylation
cycle of β-Pix at Tyr-442 can serve as a key regulatory signal
for focal complex assembly–disassembly in Src-transformed
cells (5). Moreover, it has been reported that the phosphory-
lation of Tyr-2622 in TRIO is essential for the regulation of the
DCC/TRIO signaling complex in cortical neurons during
netrin-1-mediated axon outgrowth (6). Recently, we reported
that the phosphorylation of Tyr-479 and Tyr-660 on DBS leads
to actin cytoskeletal reorganization by EPHB2/SRC signaling.
Based on these reports, it is thought that SFKs play an
important role in RhoGEF activation (7).

SFKs are nonreceptor tyrosine kinases that are well known
as oncogenic molecules. At least eight SFK members are
expressed in mammals: SRC, YES, FYN, LYN, LCK, HCK,
FGR, and BLK (8). Some family members, including c-Src, Yes,
and Fyn, are ubiquitously expressed, while others show more
restricted patterns of expression (9). It is thought that SFKs
interact with various molecules in the cell and regulate several
biological processes involving Rho signaling-regulated actin
cytoskeletal reorganization (10). SFKs are made up of an
N-terminal Src homology (SH) 4 domain that contains lipid
modification sites and a poorly conserved unique domain, an
SH3 domain that recognizes and interacts with proline-rich
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Activation of PLEKHG1 by FYN
sequences, an SH2 domain that recognizes and interacts with
specific sites of tyrosine phosphorylation, and an SH1 tyrosine
kinase catalytic domain (10, 11). SFKs tyrosine-phosphorylate
target proteins and transduce a signal downstream through
interaction between the phosphorylated tyrosine and a
protein having the SH2 domain and thereby regulate various
cellular functions. It has been reported that Src tyrosine-
phosphorylates Cortactin, which controls actin polymeriza-
tion, and transmits signals to the Rho family to form an actin
skeletal system that originates in focal adhesions (12). Several
of these SH3 domain-containing Dbl-family RhoGEFs, such as
Kalirin, also contain a proline-rich region, indicating that
intramolecular interactions between an SH3 domain and a
polyproline region have a role in the autoinhibition of Dbl-
family RhoGEFs (13). It is thought that the relationship be-
tween RhoGEFs and these functional domains of SFKs is
important in oncogenic transformation.

We reported that pleckstrin homology domain-containing
family G member 2 (PLEKHG2) was phosphorylated at Tyr-
489 by SRC and interacted with phosphoinositide-3 kinase
regulatory subunit 3 (PIK3R3) and ABL1 in a manner
dependent on its tyrosine phosphorylation and later showed
that the interaction between PLEKHG2 and ABL1 suppresses
cell growth through intracellular protein accumulation via the
NF-κB signaling pathway (14, 15). In general, both the DH and
PH domains are responsible for GEF activity. In particular, the
DH-PH domains of PLEKHG1 and PLEKHG2 share 54%
identity in their amino acid sequences. There are several re-
ports that PLEKHG1 is associated with various pathological
and physiological functions in humans (16–19). It has been
reported that PLEKHG1 is one of the RhoGEFs involved in the
cyclic stretch-induced reorientation of vascular endothelial
cells (20). In the same paper, PLEKHG1 was shown to be one
of the RhoGEFs that activate Rac and Cdc42, while a later
study reported that PLEKHG1 is one of the RhoGEFs that
activate Cdc42 (20, 21). However, the details of the regulation
of PLEKHG1 within cells, including the involvement of SFKs,
are not known.

In this study, we showed that PLEKHG1 is activated
through its interaction with FYN, one of the SFKs. We further
showed that the enhancement of PLEKHG1 activity and the
interaction between PLEKHG1 and FYN are dependent on the
phosphorylation of Tyr-618, Tyr-720, and Tyr-801 in
PLEKHG1.
Results

FYN, a member of SFKs, activates PLEKHG1 through its
interaction with PLEKHG1 and tyrosine phosphorylation of
PLEKHG1

To examine whether the signals from SFKs influence
PLEKHG1 activity in the cell, we measured the level of
PLEKHG1-induced SRF-dependent gene transcription, which
is known to be induced by Rho family activation (22). The level
of PLEKHG1-induced SRF-dependent gene transcription
was enhanced in HEK293 cells coexpressing Myc-epitope
tagged wild-type (WT) PLEKHG1 (Myc-PLEKHG1WT) and
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Flag-epitope tagged WT FYN (Flag-FYNWT) as compared
with that in cells expressing PLEKHG1WT alone or cells
coexpressing other Flag-epitope tagged WT SFKs (Flag-
SRCWT, Flag-YES1WT, Flag-LCKWT, and Flag-LYNWT)
(Fig. 1A). Next, to investigate the level of tyrosine phosphor-
ylation of PLEKHG1 in cells coexpressing each SFK and
PLEKHG1, we analyzed the level of tyrosine phosphorylation
of PLEKHG1 immunoprecipitated with anti-Myc epitope
antibody in cells coexpressing each Flag-SFK and Myc-
PLEKHG1. The results showed that PLEKHG1 was tyrosine-
phosphorylated by coexpression with any of the SFKs and
was especially strongly phosphorylated by coexpression with
Flag-FYNWT. The mobility of the band of Myc-PLEKHG1 in
the lysate of cells coexpressing Myc-PLEKHG1 and Flag-FYN
was slower than that of cells expressing Myc-PLEKHG1 (top
panels in Fig. 1B). In contrast, the bands of Myc-PLEKHG1
were partially shifted in the lysate of cells coexpressing Myc-
PLEKHG1 and other Flag-SFKs (SRK, YES1, LCK, and LYN).
The phosphorylated band intensity of PLEKHG1 was consis-
tent with the band shift (top and middle panels in Fig. 1B),
suggesting that Myc-PLEKHG1 is more strongly phosphory-
lated by Flag-FYNWT than the other Flag-SFKs. In addition,
when we analyzed the coprecipitation of each SFK and
PLEKHG1 in the same sample, Flag-FYNWT was strongly
coprecipitated (Fig. 1B). Our data demonstrated that tyrosine
phosphorylation of PLEKHG1 by FYN and the interaction
found only with FYN may be related to the activation of
PLEKHG1 by FYN.

To examine how the activation of PLEKHG1 by FYN in-
fluences the intracellular localization of PLEKHG1 and the cell
morphology, we transfected HEK293 cells with an Azami-
Green (mAG)-fused PLEKHG1 and/or FLAG-SFK-coding
plasmid. We then performed immunofluorescent staining
and fluorescent phalloidin staining and visualized cells using a
confocal laser scanning microscope. First, we transfected Flag-
SRC or Flag-FYN alone into HEK293 cells, and we confirmed
that these kinases themselves have little effect on cell
morphology (Fig. 1C). Next, we checked the effect of
PLEKHG1 on cell morphological change. Consistent with the
fact that PLEKHG1 is one of the RhoGEFs, most of PLEKHG1
was localized near the plasma membrane, and filopodia-like
protrusions of filamentous actin were observed in cells
expressing mAG-PLEKHG1WT alone (left panels in Fig. 1D,
arrowheads). In addition, cells coexpressing mAG-PLEKHG1
and Flag-SRCWT showed filopodia-like protrusions with the
same morphology as cells expressing mAG-PLEKHG1 alone
(middle panel in Fig. 1D, arrowheads). On the other hand,
PLEKHG1 was localized to lamellipodia-like actin-rich pro-
trusions (right panels in Fig. 1D, arrows) in addition to the
filopodia-like protrusions (right panels in Fig. 1D, arrowheads)
in cells coexpressing mAG-PLEKHG1 and Flag-FYNWT.
Next, we investigated PLEKHG1 activity toward Cdc42 in
cells expressing PLEKHG1 and/or SFKs by measuring the
amounts of GTP-bound Cdc42 (active Cdc42) using the GST-
tagged CRIB domain of PAK1 (GST-CRIB). The strength of
the amount of intracellular GTP-bound Cdc42 obtained by
this method may be indirectly reflected in the guanine



Figure 1. Signaling of FYN activates PLEKHG1 and affects PLEKHG1-induced actin cytoskeleton rearrangement in HEK293 cells. A, HEK293 cells were
cotransfected with pSRF.L-luciferase, pRL-SV40, and expression vectors for Myc-PLEKHG1 and Flag-SRCWT, Flag-FYNWT, Flag-YESWT, Flag-LCKWT, or Flag-
LYNWT, as indicated. Transfected cells were lysed 24 h after transfection, and luciferase activities were determined with a dual-luciferase reporter assay
system and normalized for transfection efficiency, and the relative activities are shown when the values of mock cells were taken as 1.0. The experiment was
performed in triplicate, and the values are the means ± SD (error bars). Statistical significance was evaluated by a two-tailed Dunnett’s test and compared
with the cells expressing Myc-PLEKHG1 alone: *p < 0.1; **p < 0.01. The data are shown as representative of three independent experiments. B, HEK293 cells
were cotransfected with Myc-PLEKHG1WT and Flag-SRCWT, Flag-FYNWT, Flag-YES1WT, Flag-LCKWT, or Flag-LYNWT, as indicated. Cells were lysed 24 h after
transfection, and immunoprecipitated with anti-Myc antibodies. Precipitated proteins were separated by SDS-PAGE and immunoblotted with anti-Myc
antibody (for Myc-PLEKHG1WT) and anti-Flag antibody (for Flag-SRC, Flag-FYN, Flag-YES1, Flag-LCK, Flag-LYN). C, HEK293 cells were transfected with
control Azami-Green, Flag-SRCWT or Flag-FYNWT, as indicated. Transfected cells were fixed and stained with Anti-Flag antibody, Acti-stain 555 conjugated
Phalloidin and DAPI. Fluorescent images were observed by a confocal laser scanning microscope. The merged images show the Flag-tagged protein or mAG
in green, phalloidin in red and DAPI in blue. Scale bar, 20 μm. D, HEK293 cells were cotransfected with mAG-PLEKHG1WT and Flag-SRCWT or Flag-FYNWT, as
indicated. Transfected cells were fixed and stained with Acti-stain 555 conjugated Phalloidin and DAPI and observed by a confocal laser scanning mi-
croscope. The merged images show mAG in green, phalloidin in red, and DAPI in blue. Scale bar, 10 μm. Arrowheads, filopodia-like protrusions; Arrows,
lamellipodia-like actin-rich protrusions. E, HEK293 cells were cotransfected with expression vectors for Myc-PLEKHG1WT and Flag-SRCWT or Flag-FYNWT.
Transfected cells were lysed 24 h after transfection, the lysates were incubated with the bacterially produced GST-CRIB domain of PAK for 1 h, and the
precipitation of GTP-bound forms of Cdc42 (active Cdc42) and Cdc42 was determined by immunoblotting. The data shown are representative of three
independent experiments. F, quantitative analysis of the band intensity of GTP-Cdc42 from the pull-down assay of Figure 1E. The values of the quantifi-
cation analysis were obtained from three independent experiments by dividing the band intensity of GTP-Cdc42 by the band intensity of Total-Cdc42 and
are shown as the means ± SD (error bars). **p < 0.01. IB, immunoblotting; IP, immunoprecipitation; mAG, monomeric Azami green fluorescent protein; n.s.,
not significant; TCL, total cell lysate.
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nucleotide exchange activity of PLEKHG1. Consistent with the
results of SRF measurements, coexpression of Myc-
PLEKHG1WT and Flag-FYNWT significantly increased the
amount of active Cdc42 in HEK293 cells compared with the
level by coexpression of Myc-PLEKHG1WT and Flag-SRCWT
(Fig. 1, E and F). These results indicate that FYN signaling
strongly activates PLEKHG1 compared with signaling by other
SFKs.

These results suggest that the enhancement of PLEKHG1
RhoGEF activity and actin cytoskeleton rearrangement by FYN
may be related to the tyrosine phosphorylation of PLEKHG1
and the interaction of PLEKHG1 with FYN.
Kinase activity is required for the regulation of PLEKHG1
activity by FYN

To examine whether FYN kinase activity is required for the
enhancement of PLEKHG1 activity by FYN, we used an FYN
mutant that has impaired kinase activity (FYNK299M), which
was produced by substituting the lysine residue at amino acid
299 of FYN to a methionine. The results showed that the
PLEKHG1-induced SRF-dependent gene transcriptional
enhancement by FYN was significantly attenuated in cells
coexpressing Myc-PLEKHG1WT and Flag-FYNK299M
compared with cells coexpressing Myc-PLEKHG1WT and
Flag-FYNWT (Fig. 2A). To evaluate the effect of FYN kinase
activity on PLEKHG1-induced Cdc42 activation, we compared
the intensity of Cdc42 activation in FYNWT-transfected cells
and FYNK299M-transfected cells by GST-CRIB pull-down
assays. The results showed that the amount of active Cdc42 in
cells coexpressing Myc-PLEKHG1WT and Flag-FYNK299M
was significantly lower than that in cells coexpressing Myc-
PLEKHG1WT and Flag-FYNWT (Fig. 2, B and C). In addi-
tion, to investigate whether the FYNK299M mutant affects the
tyrosine phosphorylation of PLEKHG1 and its interaction with
PLEKHG1, immunoprecipitation experiments were performed
using cells coexpressing Myc-PLEKHG1WT and either Flag-
FYNK299M or Flag-FYNWT. The results showed that
FYNK299M had less effect on the tyrosine phosphorylation of
PLEKHG1 than did FYNWT, and the amount of Flag-
FYNK299M coprecipitated with Myc-PLEKHG1WT was
much less than the amount of Flag-FYNWT coprecipitated
with Myc-PLEKHG1WT (Fig. 2D). These results demon-
strated that the kinase activity of FYN is important for the
interaction with PLEKHG1 and the enhancement of
PLEKHG1 activity.

In general, carboxy-terminal Src kinase (CSK) is known to
negatively regulate SFKs by phosphorylating the tyrosine res-
idue located at the C-terminus (23). We therefore used CSK to
examine whether the activation of FYN is required for
PLEKHG1 activation. To investigate the effect of CSK on the
interaction between PLEKHG1 and FYN, cells were coex-
pressed with Myc-PLEKHG1WT, Flag-FYNWT, and Myc-
CSK, and then immunoprecipitation was performed using
anti-Flag-tag antibody. We found that coprecipitation with
Flag-FYNWT and Myc-PLEKHG1WT was not observed in
cells coexpressing Flag-FYNWT, Myc-PLEKHG1WT, and
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Myc-CSK (Fig. 2E). We also found that coprecipitation with
Flag-FYNWT and Myc-CSK was not observed in the same
cells. At this time, the tyrosine phosphorylation of PLEKHG1
was also attenuated in the cells coexpressing Flag-FYNWT,
Myc-PLEKHG1WT, and Myc-CSK. Therefore, we examined
the effect of CSK on the enhancement of PLEKHG1-induced
SRF-dependent gene transcription by FYN. The results
showed that FYN did not increase PLEKHG1-induced SRF-
dependent gene transcription in cells coexpressing Myc-CSK
(Fig. 2F). These results suggested that activation of FYN is
required for the FYN-PLEKHG1-Cdc42 axis.
PLEKHG1 interacts with the N-terminal region containing the
SH3 and SH2 domains of FYN

To investigate which regions of FYN interact with
PLEKHG1, we prepared several Flag-tagged truncated mutants
of FYN and performed immunoprecipitation experiments
(Fig. 3A). As shown in Figure 3B, Myc-PLEKHG1 was copre-
cipitated with Flag-FYN 1–249 and Flag-FYN 81–249, which
contains the SH3 and SH2 domains involved in the interaction
of FYN with other proteins (24). Flag-FYN 141–249, which
contains only the SH2 domain, was also coprecipitated weakly.
In addition, Myc-PLEKHG1 was tyrosine-phosphorylated in
cells coexpressing Myc-PLEKHG1 and Flag-FYN 1–249, Flag-
FYN 81–249, or Flag-FYN 141–249. The band intensity of
tyrosine-phosphorylated Myc-PLEKHG1 correlated with that
of the coimmunoprecipitated FYN-fragments 1–249, 1–144,
141–249, and 81–249. Although the detailed mechanism is
unknown, these tyrosine phosphorylations of Myc-PLEKHG1
may be related to the phosphorylation of PLEKHG1 by some
endogenous kinase(s) expressed in HEK293 cells. This result
suggested that the region of FYN containing the SH2 domain
is required for the interaction with tyrosine-phosphorylated
PLEKHG1. To further investigate whether these mutants
affect PLEKHG1 activity, we measured the PLEKHG1-
dependent gene transcription levels in cells coexpressing
Myc-PLEKHG1 and various Flag-FYN mutants. As a result,
the PLEKHG1-induced SRF-dependent gene transcription
levels in cells coexpressing Myc-PLEKHG1 and Flag-FYN
1–249 increased, whereas there was almost no enhancement
of the PLEKHG1-induced SRF-dependent gene transcription
levels in cells coexpressing Myc-PLEKHG1WT and Flag-FYN
1–144, Flag-FYN 141–249, or Flag-FYN 81–249, respectively
(Fig. 3C). These results suggested that the region of amino
acids 1 to 249, which contains the SH4, SH3, and SH2 do-
mains, in FYN is important for the interaction with PLEKHG1
and the enhancement of PLEKHG1 RhoGEF activity. To
investigate whether tyrosine phosphorylation is required to
enhance the interaction between FYN 1–249 and
PLEKHG1WT, we performed immunoprecipitation assays in
cells coexpressing PLEKHG1 and Flag-FYN 250–537, which
has tyrosine kinase activity, and/or Flag-FYN 1–249, which
lacks tyrosine kinase activity. As a result, the amount of FYN
1–249 coprecipitated with PLEKHG1WT appeared to be
increased in cells coexpressing Myc-PLEKHG1WT, Flag-FYN
1–249, and Flag-FYN 250–537 compared with that in cells



Figure 2. Kinase activity is required for the regulation of PLEKHG1 activity by FYN. A, HEK293 cells were cotransfected with pSRF.L-luciferase, pRL-
SV40, and expression vectors for Myc-PLEKHG1 and Flag-FYNWT or Flag-FYNK299M, as indicated. Transfected cells were lysed 24 h after transfection,
luciferase activities were determined with a dual-luciferase reporter assay system and normalized for transfection efficiency, and the relative activities are
shown when the values of mock cells were taken as 1.0. The experiment was performed in triplicate, and the values are the means ± SD (error bars).
Statistical significance was evaluated by two-tailed Tukey’s test: *p < 0.1; **p < 0.01. The data are shown as representative of three independent ex-
periments. B, HEK293 cells were cotransfected with expression vectors for Myc-PLEKHG1WT and Flag-FYNWT or Flag-FYNK299M as indicated. Transfected
cells were lysed 24 h after transfection, the lysates were incubated with the bacterially produced GST-CRIB domain of PAK for 1 h, and the precipitation of
GTP-bound forms of Cdc42 (Active Cdc42) and Cdc42 was determined by immunoblotting. The data shown are representative of three independent
experiments. C, quantitative analysis of the band intensity of GTP-Cdc42 from the pull-down assay of Figure 2E. The values of the quantification analysis
were obtained from three independent experiments by dividing the band intensity of GTP-Cdc42 by the band intensity of Total-Cdc42, and are shown as
the means ± SD (error bars). #p < 0.05. D, HEK293 cells were cotransfected with Myc-PLEKHG1WT and Flag-FYNWT or Flag-FYNK299M, as indicated. Cells
were lysed 24 h after transfection, and immunoprecipitated with anti-Myc antibodies. Precipitated proteins were separated by SDS-PAGE and immuno-
blotted with anti-Myc antibody (for Myc-PLEKHG1WT) and anti-Flag antibody (for Flag-FYNWT and Flag-FYNK299M). E, HEK293 cells were cotransfected with
Myc-CSK, Myc-PLEKHG1WT, and Flag-FYNWT as indicated. Cells were lysed 24 h after transfection, and immunoprecipitated with anti-Flag antibodies.
Precipitated proteins were separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for Myc-PLEKHG1WT and Myc-CSK) and anti-Flag antibody
(for Flag-FYNWT). ##nonspecific bands (F) HEK293 cells were cotransfected with pSRF.L-luciferase, pRL-SV40, and expression vectors for Myc-CSK, Myc-
PLEKHG1WT and Flag-FYNWT, as indicated. Transfected cells were lysed 24 h after transfection, luciferase activities were determined with a dual-luciferase
reporter assay system and normalized for transfection efficiency, and the relative activities are shown when the values of mock cells were taken as 1.0. The
experiment was performed in triplicate, and the values are the means ± SD (error bars). Statistical significance was evaluated by a two-tailed Dunnett’s test
and compared with the cells expressing Myc-PLEKHG1 alone: *p < 0.01; **p < 0.001. The data are shown as representative of three independent ex-
periments. IB, immunoblotting; IP, immunoprecipitation; n.s., not significant; TCL, total cell lysate.
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Figure 3. Identification of the PLEKHG1-interacting regions of FYN, and effects of the various FYN mutants on PLEKHG1-induced SRF-dependent
gene transcription. A, structure of the proteins encoded by each expression plasmid: the WT, FYN 1–249, FYN 250–537, FYN 1–144, FYN 141–249, and FYN
81–249 constructs code for amino acid residues 1–249, 250–537, 1–144, 141–249, and 81–249 of FYN, respectively. B, HEK293 cells were cotransfected with
Myc-PLEKHG1WT and Flag-FYNWT, Flag-FYN 1–249, Flag-FYN 250–537, Flag-FYN 1–144, Flag-FYN 141–249, or Flag-FYN 81–249 as indicated. Cells were
lysed 24 h after transfection and immunoprecipitated with anti-Myc antibodies. Precipitated proteins were separated by SDS-PAGE and immunoblotted
with anti-Myc antibody (for Myc-PLEKHG1WT) and anti-Flag antibody (for Flag-FYNWT and Flag-FYN mutants). C, HEK293 cells were co-transfected with
pSRF.L-luciferase, pRL-SV40, and expression vectors for Myc-PLEKHG1WT and Flag-FYNWT, Flag-FYN 1–249, Flag-FYN 1–144, Flag-FYN 141–249, or Flag-FYN
81–249 as indicated. Transfected cells were lysed 24 h after transfection, the luciferase activities were determined with a dual-luciferase reporter assay
system and normalized for transfection efficiency, and the relative activities are shown when the values of mock cells were taken as 1.0. The experiment was
performed in triplicate, and the values are the means ± SD (error bars). Statistical significance was evaluated by a two-tailed Dunnett’s test and compared
with the cells expressing Myc-PLEKHG1 alone: n.s., not significant; *p < 0.1; **p < 0.01. The data are shown as representative of three independent ex-
periments. D, HEK293 cells were cotransfected with Myc-PLEKHG1WT and Flag-FYN 1–249 or Flag-FYN 250–537 as indicated. Cells were lysed 24 h after
transfection and immunoprecipitated with anti-Myc antibodies. Precipitated proteins were separated by SDS-PAGE and immunoblotted with anti-Myc
antibody (for Myc-PLEKHG1WT) and anti-Flag antibody (for Flag-FYNWT and Flag-FYN mutants). E, HEK293 cells were cotransfected with Myc-
PLEKHG1WT and Flag-FYN 1–249, Flag-LYNWT, or Flag-SRCWT as indicated. Cells were lysed 24 h after transfection and immunoprecipitated with anti-
Myc antibodies. Precipitated proteins were separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for Myc-PLEKHG1WT) and anti-Flag
antibody (for Flag-FYN 1–249, Flag-LYNWT, and Flag-SRCWT). IB, immunoblotting; IP, immunoprecipitation; SH2, Src homology 2 domain; SH3, Src ho-
mology 3 domain; SH4, Src homology 4 domain; TCL, total cell lysate.
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coexpressing PLEKHG1 and Flag-FYN 1–249 (Fig. 3D). At the
same time, tyrosine phosphorylation of PLEKHG1 was also
clearly increased by coexpression with Flag-FYN 250–537
(Fig. 3D). Therefore, to investigate whether other SFKs affect
the interaction of PLEKHG1 with FYN 1–249, we used cells
coexpressing Flag-FYN 1–249, Myc-PLEKHG1WT, and either
Flag-LYNWT or Flag-SRCWT. As a result, we found that the
level of tyrosine-phosphorylated PLEKHG1 and the amount of
Flag-FYN 1–249 coprecipitated with Myc-PLEKHG1 was
increased by cells coexpressing Flag-FYN 1–249, Myc-
PLEKHG1WT, and either Flag-LYNWT or Flag-SRCWT.
(Fig. 3E). These results suggest that not only FYN but also
other SFK signals stabilize the interaction of PLEKHG1 with
FYN 1–249 by phosphorylating PLEKHG1. Taken together,
our data indicate that tyrosine phosphorylation of PLEKHG1
by FYN plays an important role in the interaction of PLEKHG1
with the SH4, SH3, and SH2 domain-containing regions of
FYN and the activation of PLEKHG1 that occurs by these
interactions.
The interaction of PLEKHG1 with FYN requires a region
containing the phosphorylation sites of PLEKHG1

To investigate which regions of PLEKHG1 are required for
binding to FYN, we generated various Myc epitope-tagged
truncated mutants of PLEKHG1 as shown in Figure 4A and
performed immunoprecipitation experiments. As shown in
Figure 4B, Myc-PLEKHG1 553–1444 coprecipitated with Flag-
FYNWT, whereas Myc-PLEKHG1 1–552 and Myc-PLEKHG1
862–1444 did not. Tyrosine phosphorylation of Myc-
PLEKHG1 553–1444 but not Myc-PLEKHG1 1–552 or Myc-
PLEKHG1 862–1444 could be detected at this time (Fig. 4B).
We also examined the effects on PLEKHG1-induced SRF-
dependent gene transcription by coexpression of Flag-
FYNWT with Myc-PLEKHG1 1–552, which is thought to
have RhoGEF activity due to the presence of the DH and PH
domains. We confirmed that FYNWT itself has little effect on
the SRF-dependent gene transcription. The level of SRF-
dependent gene transcription in cells coexpressing Myc-
PLEKHG1 and FYNWT was significantly increased
compared with the level in cells expressing Myc-PLEKHG1.
On the other hand, there was no difference between the
level of SRF-dependent gene transcription in either cells
coexpressing Myc-PLEKHG1 1–552 and FYNWT or cells
expressing Myc-PLEKHG1 1–552. (Fig. 4C). These results
suggest that the amino acid sequence from residues 553 to 861
of PLEKHG1 is essential for tyrosine phosphorylation and
interaction with FYN. To elucidate the FYN interaction region
of PLEKHG1 in detail, we generated several truncated mutants
of PLEKHG1 and performed immunoprecipitation experi-
ments. Tyrosine phosphorylation was detected in all of these
Myc-PLEKHG1 truncated mutants, except for Myc-PLEKHG1
1–617. Myc-PLEKHG1 1–772, Myc-PLEKHG1 1–800, and
Myc-PLEKHG1 1–856 showed particularly high levels of
tyrosine phosphorylation (Fig. 4D). Coprecipitation of Flag-
FYNWT with Myc-PLEKHG1 1–772, Myc-PLEKHG1 1–800,
or Myc-PLEKHG1 1–856 was also observed at this time. The
amount of Flag-FYNWT coprecipitated with Myc-PLEKHG1
1–856 was clearly higher than the amounts coprecipitated
with the other two mutants. We also examined the levels of
SRF-dependent transcription in cells coexpressing these Myc-
PLEKHG1 mutants and Flag-FYNWT. Consequently, we
observed an enhancement of the levels of SRF-dependent gene
transcription in cells coexpressing Flag-FYNWT and Myc-
PLEKHG1WT and cells coexpressing Flag-FYNWT and
Myc-PLEKHG1 1–856, but not in cells coexpressing Flag-
FYNWT with other mutants (Fig. 4E). Therefore, to investi-
gate whether PLEKHG1 1–856 interacts with FYN 1–249, we
performed immunoprecipitation experiments in cells coex-
pressing Myc-PLEKHG1 1–856 and Flag-FYN 1–249. As a
result, we found that FYN 1–249 interacted with PLEKHG1
1–856, but not with PLEKHG1 1–800 (Fig. 4F). Next, to
investigate whether FYN interacts more directly with the
interacting region of PLEKHG1, we prepared GST-fused
PLEKHG1 553–862 and PLEKHG1 753–862 and used them
to perform pull-down assays with Flag-FYNWT-expressing
cell lysates. As a result, interactions of FYNWT with both
the GST-fused PLEKHG1 553–862 and the GST-fused
PLEKHG1 753–862 were detected. At this time, both GST-
fused PLEKHG1 553–862 and GST-fused PLEKHHG1
753–862 were also tyrosine-phosphorylated during incubation
with the cell lysate (Fig. 4G).
Activation of PLEKHG1 by FYN requires phosphorylation of
multiple tyrosine residues

Our results so far suggest that the amino acid region
553–862 of PLEKHG1 plays an important role in the acti-
vation of PLEKHG1 by FYN via tyrosine phosphorylation and
interaction. As shown in Figure 5A, there are six tyrosine
residues in this amino acid region of PLEKHG1: Tyr-618,
Tyr-720, Tyr-725, Tyr-773, Tyr-801, and Tyr-858. Using
the Scansite 4 program, three tyrosine residues, Tyr-618, Tyr-
720, and Tyr-801, were predicted to be the most likely to be
phosphorylated among these tyrosine residues. To investigate
how the phosphorylation of these tyrosines affects the acti-
vation of PLEKHG1 and its interaction with FYN, we
generated PLEKHG1 mutants in which these three tyrosines
were replaced with phenylalanine: Myc-PLEKHG1Y618F,
Myc-PLEKHG1Y720F, Myc-PLEKHG1Y801F. In addition,
we also produced Myc-PLEKHG1Y720,801F, a PLEKHG1
mutant in which both the Tyr-720 and Tyr-801
residues were replaced with phenylalanine, and Myc-
PLEKHG1Y618,720,801F, a PLEKHG1 mutant in which all
three of the Tyr-618, Tyr-720, and Tyr-801 residues were
replaced with phenylalanine. As shown in Figure 5B, the
tyrosine phosphorylation level of the PLEKHG1 mutant in
cells coexpressing Flag-FYNWT with Myc-PLEKHG1Y720F
or Myc-PLEKHG1Y801F was lower than that in cells coex-
pressing Flag-FYNWT with Myc-PLEKHG1WT or Myc-
PLEKHG1Y618F. In addition, the tyrosine phosphorylation
level of Myc-PLEKHG1Y720,801F in cells coexpressing Flag-
FYNWT with Myc-PLEKHG1Y720,801F was further reduced
in cells coexpressing Myc-PLEKHG1WT and Flag-FYNWT.
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Figure 4. Identification of the FYN-interacting regions of PLEKHG1 and the effects of various PLEKHG1 mutants on SRF-dependent gene tran-
scription. A, structure of the proteins encoded by each expression plasmid: the WT, PLEKHG1 1–552, FYN 553–1444, and FYN 862–1444 constructs code for
amino acid residues 1–552, 553–1444, and 862–1444 of PLEKHG1, respectively. B, HEK293 cells were co-transfected with Myc-PLEKHG1WT, Myc-PLEKHG1
1–552, Myc-PLEKHG1 553–1444 or Myc-PLEKHG1 862–1444, and Flag-FYNWT as indicated. Cells were lysed 24 h after transfection and immunoprecipitated
with anti-Myc antibodies. Precipitated proteins were separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for Myc-PLEKHG1WT and Myc-
PLEKHG1 mutants) and anti-Flag antibody (for Flag-FYNWT). C, HEK293 cells were cotransfected with pSRF.L-luciferase, pRL-SV40, and expression vectors for
Myc-PLEKHG1WT, Myc-PLEKHG1 1–552, and Flag-FYNWT, as indicated. Transfected cells were lysed 24 h after transfection, the luciferase activities were
determined with a dual-luciferase reporter assay system and normalized for transfection efficiency, and the relative activities are shown when the values of
mock cells were taken as 1.0. The experiment was performed in triplicate, and the values are the means ± SD (error bars). Statistical significance was
evaluated by a two-tailed unpaired Welch’s t test: n.s., not significant; *p < 0.01; **p < 0.001. The data are shown as representative of three independent
experiments. D, HEK293 cells were cotransfected with Myc-PLEKHG1WT, Myc-PLEKHG1 1–617, Myc-PLEKHG1 1–719, Myc-PLEKHG1 1–724, Myc-PLEKHG1
1–772, Myc-PLEKHG1 1–800 or Myc-PLEKHG1 1–856, and Flag-FYNWT as indicated. Cells were lysed 24 h after transfection and immunoprecipitated
with anti-Myc antibodies. Precipitated proteins were separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for Myc-PLEKHG1WT and Myc-
PLEKHG1 mutants) and anti-Flag antibody (for Flag-FYNWT). E, HEK293 cells were cotransfected with Myc-PLEKHG1WT, Myc-PLEKHG1 1–617, Myc-PLEKHG1
1–719, Myc-PLEKHG1 1–724, Myc-PLEKHG1 1–772, Myc-PLEKHG1 1–800 or Myc-PLEKHG1 1–856, and Flag-FYN WT as indicated. Transfected cells were lysed
24 h after transfection, the luciferase activities were determined with a dual-luciferase reporter assay system and normalized for transfection efficiency, and
the relative activities are shown when the values of mock cells were taken as 1.0. The experiment was performed in triplicate, and the values are the
means ± SD (error bars). Statistical significance was evaluated by a two-tailed unpaired Welch’s t test: *p < 0.01; **p < 0.001. The data are shown as
representative of three independent experiments. F, HEK293 cells were cotransfected with Myc-PLEKHG1 1–800 or Myc-PLEKHG1 1–856, and Flag-FYN
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At this time, the amount of Flag-FYNWT coimmunopreci-
pitated with anti-Myc antibody in cells coexpressing Flag-
FYNWT and Myc-PLEKHG1Y720F or Myc-PLEKHG1
Y801F were clearly lower than those in cells coexpressing
Flag-FYNWT and Myc-PLEKHG1WT or Myc-PLEKHG
1Y618. The amount of coimmunoprecipitated Flag-FYNWT
was further reduced in cells coexpressing PLEKH-
G1Y720,801F and Flag-FYNWT (Fig. 5B). Moreover, the
tyrosine phosphorylation level of Myc-PLEKHG1Y
618,720,801F in cells coexpressing Flag-FYNWT with Myc-
PLEKHG1Y618,720,801F was lower than that in cells coex-
pressing Flag-FYNWT with Myc-PLEKHG1WT. And the
amount of coprecipitated Flag-FYNWT in cells coexpressing
Myc-PLEKHG1Y618,720,801F and Flag-FYNWT was also
reduced in cells coexpressing Myc-PLEKHG1WT and Flag-
FYNWT (Fig. 5C). Next, we examined how tyrosine phos-
phorylation of PLEKHG1 affects the enhancement of
PLEKHG1-induced SRF-dependent gene transcription levels
by FYN, using these tyrosine-substitution mutants of
PLEKHG1. We found a significant increase in SRF-dependent
gene transcription levels by FYN in cells coexpressing Flag-
FYNWT and Myc-PLEKHG1Y618F as well as in cells coex-
pressing Myc-PLEKHG1WT. Also, a significant SRF-
dependent increase in gene transcription levels was
observed in cells coexpressing Flag-FYNWT and Myc-
PLEKHG1Y801F. On the other hand, there was no signifi-
cant increase in the SRF-dependent gene transcription level
in cells coexpressing Flag-FYNWT and either Myc-
PLEKHG1Y720F, or Myc-PLEKHG1Y720,801F, or Myc-
PLEKHG1Y618,720,801F (Fig. 5D). To examine whether
tyrosine phosphorylation of PLEKHG1 by FYN affects the
RhoGEF activity of PLEKHG1, we tested the activation of
Cdc42 in cells coexpressing Myc-PLEKHG1Y618,720,801F
and Flag-FYNWT by the pull-down assay using GST-CRIB.
The results showed that the amount of active Cdc42 in
cells coexpressing Myc-PLEKHG1Y618,720,801F and
FYNWT was lower than that in cells coexpressing Myc-
PLEKHG1WT and FYNWT (Fig. 5, E and F). Therefore, we
examined whether the phosphorylation of Tyr-618, Tyr-720,
and Tyr-801 in PLEKHG1 by FYN signaling affects cell
morphology and actin cytoskeletal reorganization by using
immunofluorescent staining and fluorescent phalloidin
staining. It was confirmed that these mutations have little
effect on the localization of PLEKHG1 and on the PLEKHG1-
mediated morphological changes (left and middle right panels
in Fig. 5G). FYN induced the PLEKHG1-mediated cell
morphological changes (middle left panels in Fig. 5G), as
described in Figure 1D. In contrast, there was no morpho-
logical difference between cells expressing Myc-
PLEKHG1Y618,720,801F (middle right panels in Fig. 5G)
and cells expressing Myc-PLEKHG1Y618,720,801F and Flag-
FYNWT (right panels in Fig. 5G), suggesting that the tyrosine
1–249 as indicated. Cells were lysed 24 h after transfection and immunoprecipit
PAGE and immunoblotted with anti-Myc antibody (for Myc-PLEKHG1 mutants)
with GST, or GST-fused PLEKHG1 fragments 553–862 or 753–862. The protein
FYNWT in the complexes was detected by immunoblotting. *These bands wer
domain; IB, immunoblotting; IP, immunoprecipitation; n.s., not significant; PH,
phosphorylation of PLEKHG1 by FYN induces actin cyto-
skeletal reorganization and regulates cell morphology. Taken
together, these results suggest that the mechanism of
PLEKHG1 activation by FYN involves the phosphorylation of
multiple tyrosine residues, including at least Tyr-720 and
Tyr-801, as well as the interaction of FYN with these phos-
phorylated tyrosine-containing regions and other regions in
PLEKHG1. We assume that both the tyrosine phosphoryla-
tion and the interaction are important for the activation of
PLEKHG1 by FYN.
Discussion

In this report, we provide evidence of a novel activation
mechanism for PLEKHG1, a member of RhoGEFs, which in-
volves the tyrosine phosphorylation by FYN and the interac-
tion with FYN in HEK293 cells. The phosphorylation and the
interaction are both related to PLEKHG1 activation each
other. A previous study showed that phosphorylation at Tyr-
2622 of Trio by FYN is essential for the proper assembly and
stability of DCC/Trio signaling complexes at the cell surface of
growth cones to mediate netrin-1-induced cortical axon
outgrowth (6). We show that PLEKHG1 is phosphorylated by
FYN signaling at multiple tyrosine residues. Although we do
not currently know which of these phosphorylated tyrosine
residues are most important for the PLEKHG1 activity, we
have shown that the phosphorylation of two tyrosine residues,
Tyr-720 and Tyr-801, is important for the regulation of GEF
activity. Furthermore, phosphorylation of Tyr-720 and Tyr-
801 in PLEKHG1 is required for the interaction between
PLEKHG1 and FYN, and this interaction is also important for
the regulation of PLEKHG1 activity in cells. We also present
evidence that the phosphorylation of PLEKHG1 by FYN is
regulated by CSK in cells. Therefore, we propose that
PLEKHG1 is activated by FYN through phosphorylation of
PLEKHG1 by FYN and interaction with FYN and induces an
increase in SRF-dependent gene transcription and changes in
cell morphology via activation of Rho signaling in cells that
receive some stimulus that activates FYN (Fig. 6).

Our results demonstrate that the activation of PLEKHG1
requires an intact N-terminal region of FYN. In the coim-
munoprecipitation analysis shown in Figure 3B, PLEKHG1 has
a weaker interaction with FYN 81–249 than FYN 1–249. In
addition, Figure 3C showed that FYN 81–249 has little effect
on PLEKHG1-induced SRF-dependent gene transcription. The
only structural difference between FYN 1–249 and FYN
81–249 is the presence of the SH4 domain, suggesting that the
SH4 domain of FYN may play a role in increasing the SRF
activity after the binding of PLEKHG1 to FYN. In general, the
SH4 domain is thought to play an important role in deter-
mining the subcellular localization (of SFKs), including their
translocation to the plasma membrane, by undergoing
ated with anti-Myc antibodies. Precipitated proteins were separated by SDS-
and anti-Flag antibody (for Flag-FYN 1–249). G, Flag-FYNWT was incubated
complex was collected by glutathione-Sepharose, and the inclusion of Flag-
e thought to be degradation products of GST-PLEKHG1. DH, Dbl homology
pleckstrin homology domain; TCL, total cell lysate.
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Figure 5. The importance of tyrosine phosphorylation of PLEKHG1 for the activation by and interaction with FYN. A, tyrosine residues on the
PLEKHG1 amino acid region 553–862, which interacts with FYN: Tyr-618, Tyr-720, Tyr-725, Tyr-773, Tyr-801, and Tyr-858. B, HEK293 cells were cotransfected
with Myc-PLEKHG1WT or Myc-PLEKHG1YF mutants (Y618F, Y720F, Y801F, and Y720,801F) and Flag-FYNWT as indicated. Cells were lysed 24 h after
transfection, and immunoprecipitated with anti-Myc antibodies. Precipitated proteins were separated by SDS-PAGE and immunoblotted with anti-Myc
antibody (for Myc-PLEKHG1WT and Myc-PLEKHG1YF mutants) and anti-Flag antibody (for Flag-FYNWT). C, HEK293 cells were cotransfected with Myc-
PLEKHG1WT or Myc-PLEKHG1Y618,720,801F (Y618,720,801F) and Flag-FYNWT as indicated. Cells were lysed 24 h after transfection, and immunoprecipi-
tated with anti-Myc antibodies. Precipitated proteins were separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for Myc-PLEKHG1WT and
Myc-PLEKHG1Y618,720,801F) and anti-Flag antibody (for Flag-FYNWT). D, HEK293 cells were co-transfected with pSRF.L-luciferase, pRL-SV40, and expression
vectors for Myc-PLEKHG1YF mutants (Y618F, Y720F, Y801F, Y720,801F, and Y618,720,801F) and Flag-FYNWT, as indicated. Transfected cells were lysed 24 h
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Figure 6. Schematic diagram of tyrosine phosphorylation of PLEKHG1 by FYN and the interaction between PLEKHG1 and FYN in the HEK293 cells.
FYN is activated by receptor tyrosine kinases such as TNF-α and PDGF receptor (44, 45). However, in this study, we could not identify the physiological
receptor that causes activation of Fyn and PLEKHG1. Activated FYN activates PLEKHG1 through phosphorylation of PLEKHG1 and interaction with PLEKHG1,
thereby activating intracellular Cdc42 and enhancing SRF-dependent transcriptional activity. The activation of PLEKHG1 requires phosphorylation of Tyr-
618, Tyr-720, and Tyr-801 in PLEKHG1 by FYN and the interaction of PLEKHG1 with FYN.

Activation of PLEKHG1 by FYN
modifications induced by fatty acids such as palmitoylation
and myristoylation (25–29). On the other hand, Cdc42, which
is a partner for PLEKHG1, is also localized to the membrane
by lipidation (1). Membrane localization of the complex of
PLEKHG1 and FYN via the fatty-acid-modified SH4 domain
of FYN could be required for FYN-PLEKHG1-Cdc42 signaling.
Further analysis is needed to decide whether the SH4 domain
is required for subcellular localization of the FYN and
PLEKHG1 complex. We also show that both the SH3 and SH2
domains of FYN are required for interaction with PLEKHG1. It
is generally known that the SH2 domain recognizes and binds
to phosphorylated tyrosine in proteins, while the SH3 domain
recognizes and binds to the PXXP motif in proteins (10, 11).
We demonstrate that the interaction of PLEKHG1 with FYN
mutants is only observed in the presence of a region con-
taining the SH2 domain of FYN, and the SH3 domain of FYN
alone is unable to interact with PLEKHG1 (Fig. 3B). This
means that tyrosine phosphorylation of PLEKHG1 by the
activation of intrinsic tyrosine kinases in cells is required for
the interaction with SH2 domain of FYN.

Recently, it has been reported that FYN is required to
promote ARHGEF16-induced proliferation and migration in
colon cancer cells (30). It has also been reported that FYN
binds to the N-terminal region of ARHGEF16, which contains
five PXXP motifs to which the SH3 domain binds, and the SH3
domain of FYN is thought to bind to one of these PXXP motifs
after transfection, the luciferase activities were determined with a dual-lucifera
relative activities are shown when the values of mock cells were taken as 1.0. T
SD (error bars). Statistical significance was evaluated by a two-tailed unpaired W
three independent experiments. E, HEK293 cells were cotransfected with expre
FYNWT. Transfected cells were lysed 24 h after transfection, and lysates were in
the precipitation of GTP-bound forms of Cdc42 (Active Cdc42) and Cdc42 was
independent experiments. F, quantitative analysis of the band intensity of GT
cation analysis were obtained from three independent experiments by dividing
are shown as the means ± SD (error bars). **p < 0.01. G, HEK293 cells were co-
FYNWT, as indicated. Transfected cells were fixed and stained with Acti-stain 55
microscope. The merged images show Myc in green, phalloidin in red, and DA
lamellipodia-like actin-rich protrusions. aa, amino acids; DH, Dbl homology do
pleckstrin homology domain; TCL, total cell lysate.
(24). In contrast, the 800 to 862 amino acid region of
PLEKHG1, to which the FYN binds, contains only one PXXP
motif. Therefore, we created a mutant in which the proline of
this PXXP motif was replaced by alanine and compared the
interaction of the mutant with the FYN with PLEKHG1WT,
but there was no significant difference (data not shown).
Furthermore, we cannot confirm the interaction between the
region containing only the SH3 domain of FYN and
PLEKHG1. These results suggest that the SH3 domain is
required for structural maintenance or for interaction with
other molecules in the cell. Because PLEKHG1 has a large
molecular weight and few known functional domains that have
been structurally analyzed, we attempted to analyze PLEKHG1
by AlphaFold2, but could not obtain reliable results (31).
However, structural analysis of the interaction between
PLEKHG1 and FYN is considered to be very important.
Further crystallographic studies of PLEKHG1 will provide
more information about this complex.

PLEKHG1 has been reported as one of 11 RhoGEFs,
including GEF-H1 (32) and Solo/ARHGEF40 (33), involved in
cyclic stretch-induced reorientation in vascular endothelial
cells (20). GEF-H1 was the first RhoGEF reported as a RhoGEF
on cellular mechanoreception and has been reported as a
RhoGEF for RhoA and Rac (34). LARG, another member of
the RhoA-specific RhoGEFs, has also been reported as one of
the RhoGEFs involved in mechanotransduction (35). It has
se reporter assay system and normalized for transfection efficiency, and the
he experiment was performed in triplicate, and the values are the means ±
elch’s t test: *p < 0.01; **p < 0.001. The data are shown as representative of
ssion vectors for Myc-PLEKHG1WT or Myc-PLEKHG1Y618,720,801F, and Flag-
cubated with the bacterially produced GST-CRIB domain of PAK for 1 h and
determined by immunoblotting. The data shown are representative of three
P-Cdc42 from the pull-down assay of Figure 5E. The values of the quantifi-
the band intensity of GTP-Cdc42 by the band intensity of Total-Cdc42, and

transfected with Myc-PLEKHG1WT or Myc-PLEKHG1Y618,720,801F, and Flag-
5 conjugated Phalloidin and DAPI and observed by a confocal laser scanning
PI in blue. Scale bar, 10 μm. Arrowheads, filopodia-like protrusions; Arrows,
main; IB, immunoblotting; IP, immunoprecipitation; n.s., not significant; PH,
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been reported that when stimulated by tension on cellular
integrins, LARGs are activated by Fyn, whereas the catalytic
activity of GEF-H1 is enhanced by ERKs downstream of a
signaling cascade that includes FAK and Ras (35). Solo/
ARHGEF40 is one of the RhoGEFs for RhoA and RhoC, and its
keratin-binding capacity has recently been reported to be
important for mechanotransduction (36). Furthermore, it has
been reported that mechanical stretching in mesangial cells
results in the activation of RhoA by VAV2 activation via the
activation of SFKs and PI3-K (37). On the other hand, it has
been reported that SFKs and p130Cas, one of the intracellular
substrate molecules of SFKs, play an important role in cell
reorientation upon cyclic stretch (38). It has also been reported
that platelet endothelial cell adhesion molecule 1 (PECAM-1)
is tyrosine-phosphorylated by Fyn in a flow- and stretch-
dependent manner in vascular endothelial cells (39). These
reports suggest that PLEKHG1 is phosphorylated through the
activation of FYN via mechanotransduction from such as
mechanical stimuli as cyclic stretch, and the resulting complex
of FYN and PLEKHG1 may play some function in response to
the morphological changes in cells expressing PLEKHG1. In
the future, this point needs to be considered.

In summary, we demonstrate here for the first time that
FYN, one of the five SFKs thought to be expressed in
HEK293 cells, activates Cdc42 via activation of PLEKHG1, one
of the RhoGEFs. We also propose that both tyrosine phos-
phorylation and interaction are important for the activation of
PLEKHG1 by FYN. Since PLEKHG1 may be involved in
various physiological functions and pathological conditions,
further understanding of the activation mechanism of
PLEKHG1 by FYN in different situations, such as mechanical
stimulation (or disuse) and pathogenesis-related stress, may
help us to understand various cellular functions.
Experimental procedures

Plasmids and reagents

The KIAA1209 cDNA clone, which was derived from a
transcript from the PLEKHG1 gene, was used as the WT in
this study. The PLEKHG1WT and the various deletion mu-
tants of PLEKHG1 were subcloned into pF5K-CMV-neo-Myc
or pIMR21-Myc vector by restriction enzyme digestion and
polymerase chain reaction (PCR) amplification. The site-
directed mutagenesis technique was used to substitute
phenylalanine to create the various PLEKHG1YF mutants. The
putative phosphotyrosine sites in PLEKHG1 were predicted by
using Scansite 4 (https://scansite4.mit.edu/4.0). Scansite 4
predicts target motifs for different kinases using a positional
selectivity matrix based on peptide library screening (40). It is
known that searches using Scansite 4 apply a high level of
stringency to identify the strongest motif matches. To prepare
glutathione S-transferase (GST)-fused proteins, PLEKHG1
(553–862) and PLEKHG1 (753–862) were subcloned into
pGEX-4T-1 vector by restriction enzyme digestion and liga-
tion. Plasmids of the Src WT from Millipore and the full-
length cDNA Fyn, Yes1, Lck, and Lyn were subcloned into
the pF5A-CMV-neo-Flag vector by a Flexi system (Promega).
12 J. Biol. Chem. (2022) 298(2) 101579
The various deletion mutants of FYN were subcloned into the
pF5A-Flag vector by restriction enzyme digestion and PCR
amplification. The site-directed mutagenesis technique was
used to substitute methionine to generate the FYNK299M
mutants. The pSRF.L-luciferase reporter plasmid was pur-
chased from Stratagene, and pRL-SV40 was purchased from
Nippon Gene. Mouse monoclonal antibodies against Myc-
epitope and Flag-epitope were purchased from Wako Pure
Chemical Industries. Antiphosphotyrosine antibody was pur-
chased from Santa Cruz.

Cell culture and transfection

HEK293 (ATCC CRL 1573) cells were grown in DMEM
supplemented with 10% FBS in a CO2 (5%) incubator at 37 �C.
Transient transfection was performed using Polyethylenimine
Max (PolySciences Inc.) (41). Cells were transfected with DNA
for 6 h and then washed with serum-free DMEM and incu-
bated for 16 to 18 h in DMEM.

Dual-luciferase reporter gene assay

HEK293 cells seeded in 24-well plates were cotransfected
with the indicated expression plasmids together with the
pSRF.L luciferase reporter plasmids and the pRL-SV40 control
reporter plasmids. After transfection, the cells were washed
once with ice-cold PBS and lysed with passive lysis buffer.
Luciferase activities were determined by using a Dual-
Luciferase Reporter assay system (Promega). The activity of
the reporter gene was normalized against the activity of the
control vector. The experiment was performed in triplicate, and
the values are the means ± SD (error bars). The data shown are
representative of three independent experiments (42).

Immunoprecipitation

Transfected cells seeded in 6-cm dishes were washed once
with ice-cold PBS and lysed with lysis buffer (50 mM Tris-HCl,
pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 1 mM Na3VO4, 0.5%
Nonidet P-40, phosphatase inhibitor solution (Roche), and
protease inhibitor solution (Roche)). The lysates were centri-
fuged to remove residue (16,100g for 10 min). Clear lysates
were incubated with 1.0 μg of anti-Myc IgG or 1.0 μg of anti-
Flag IgG for 2 h at 4 �C and then mixed with protein G-agarose
beads (EMD Millipore Co) for 1 h at 4 �C. The beads were
washed three times with washing buffer (50 mM Tris-HCl, pH
7.5, 100 mM NaCl, 0.1 mM EDTA, 1 mM Na3VO4, 0.1%
Nonidet P-40, phosphatase inhibitor, and protease inhibitor
solution), and the bound proteins were eluted with sample
buffer. Equal amounts of samples were resolved by poly-
acrylamide gel electrophoresis (SDS-PAGE). The transferred
PVDF membranes were tested by immunoblot analysis. In
brief, the membranes were blocked with PVDF Blocking Re-
agent for Can Get Signal (Toyobo Co). For the detection of
Myc-tag and Flag-tag, we used HRP-conjugated mouse anti-
Myc IgG (FUJIFILM Wako Pure Chemical Co) and mouse
anti-Flag IgG (FUJIFILM Wako Pure Chemical Corp.),
respectively. For the detection of P-Tyr, we used mouse anti-P-
Tyr IgG (Santa Cruz). For the detection of these first
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antibodies, we used HRP-conjugated anti-mouse IgG (MBL
Co) and anti-rabbit IgG (MBL Co) as secondary antibodies.
Visualization of HRP-labeled proteins was performed using
enzyme-linked chemiluminescence (Thermo Fisher Scientific)
and an LAS-4000 luminescent image analyzer (GE
Healthcare).

Protein–protein interaction in vitro assay

GST, GST-PLEKHG1 553–862, and GST-PLEKHG1
753–862 were expressed and extracted from E. coli strain
BL21 and bound to glutathione-Sepharose 4B. The purified
GST fusion protein (with the glutathione-agarose beads) and
cell lysate were incubated for 2 h at 4 �C in lysis buffer. Beads
were washed three times with lysis buffer, and bound proteins
were separated by SDS-PAGE and detected by immunoblot-
ting using various antibodies (14).

Pull-down assays with PAK-CRIB beads for Cdc42 activation

Transfected cells seeded in 6-cm dishes were washed once
with ice-cold PBS and lysed with lysis buffer (20 mM Tris-HCl,
pH 7.5, 100 mM NaCl, 0.5% Nonidet P-40, 2 mM MgCl2, and
protease inhibitor solution (Roche)). The lysates were centri-
fuged to remove residue (16,100×g for 10 min). Bacterially
produced GST–CRIB proteins bound to glutathione–
Sepharose beads were incubated with the lysates for 1 h at
4 �C. The beads were then washed by lysis buffer, and the
binding of Cdc42-GTP in the lysates to the CRIB domains was
analyzed by SDS–PAGE and immunoblotting for Cdc42 (43).
The experiment was performed at least three times. The values
of the quantification analysis were obtained by dividing the
band intensity of GTP-Cdc42 by the band intensity of Total-
Cdc42 and are shown as the means ± SD (error bars). Band
intensity was measured by using Image J software.

Immunoblot analysis

Transfected cells seeded in 24-well plates were washed once
with ice-cold PBS and lysed with 1% (w/v) SDS in distilled
water. The protein amount of each lysate was quantified using
a bicinchoninic acid protein assay kit (Thermo Scientific), with
BSA as the standard. The same amounts of protein were
subjected to 7.5% SDS-PAGE. The transferred PVDF mem-
brane was blocked by PVDF Blocking Reagent for Can Get
Signal (Toyobo). For the detection of Myc-tag, FLAG-tag, and
phosphotyrosine, we used mouse anti-Myc antibody, mouse
anti-FLAG antibody, and anti-phosphotyrosine antibody,
respectively. To detect Myc-tag and Flag-tag, we used HRP-
conjugated anti-mouse IgG as a secondary antibody (MBL
Co). Visualization of HRP-labeled proteins was performed
using enzyme-linked chemiluminescence detection reagents
(GE Healthcare or PerkinElmer Life Science) and an LAS-4000
luminescent image analyzer (GE Healthcare).

Immunofluorescent analysis

Transfected cells cultured on coverslips were washed once
with ice-cold PBS and fixed with 4% formaldehyde for 30 min.
Fixed cells were permeabilized with 0.1% Triton X-100 in PBS
and washed four times with PBS. Then, the cells were blocked
with 10% goat serum in PBS for 1 h. Cells were washed with
PBS and incubated with the indicated primary antibodies and
subsequently with secondary antibodies labeled with Alexa
Fluor 488 (Thermo Fisher Scientific). F-actin was visualized
using Acti-stain 555 phalloidin and the nuclei were visualized
using Cellstain DAPI solution (DOJINDO). The coverslips
were then mounted with Fluoromount (Diagnostic Bio-
Systems). Labeled cells were analyzed by using a Zeiss laser
scanning confocal microscope (LSM-710; Carl Zeiss).
Data availability

All data relating to this manuscript are contained in the
manuscript.
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