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GEF-H1 controls focal adhesion signaling that regulates
mesenchymal stem cell lineage commitment
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and Jean-Cheng Kuo1,§

ABSTRACT

Focal adhesions (FAs) undergo maturation that culminates in size

and composition changes that modulate adhesion, cytoskeleton

remodeling and differentiation. Although it is well recognized that

stimuli for osteogenesis of mesenchymal stem cells (MSCs) drive FA

maturation, actin organization and stress fiber polarization, the extent

to which FA-mediated signals regulated by the FA protein composition

specifies MSC commitment remains largely unknown. Here, we

demonstrate that, upon dexamethasone (osteogenic induction)

treatment, guanine nucleotide exchange factor H1 (GEF-H1, also

known as Rho guanine nucleotide exchange factor 2, encoded by

ARHGEF2) is significantly enriched in FAs. Perturbation of GEF-H1

inhibits FA formation, anisotropic stress fiber orientation and MSC

osteogenesis in an actomyosin-contractility-independent manner. To

determine the role of GEF-H1 in MSC osteogenesis, we explore the

GEF-H1-modulated FA proteome that reveals non-muscle myosin-II

heavy chain-B (NMIIB, also known asmyosin-10, encoded byMYH10)

as a target of GEF-H1 in FAs. Inhibition of targeting NMIIB into FAs

suppresses FA formation, stress fiber polarization, cell stiffness and

osteogenic commitments in MSCs. Our data demonstrate a role for FA

signaling in specifying MSC commitment.
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INTRODUCTION
Mesenchymal stem cells (MSCs) derived from bone marrow are

multi-potent cells that serve as an attractive cell source for cell

therapy in the treatment of diseases or injury (Brooke et al., 2007;

Uccelli et al., 2008). MSCs have the potential to differentiate into

a variety of cell types, including osteoblasts, chrondrocytes,

adipocytes, myoblasts and nerves (Deng et al., 2006; Hofstetter

et al., 2002; Horwitz et al., 2005; Kondo et al., 2005; McBeath

et al., 2004; Pittenger et al., 1999; Uccelli et al., 2008).

Commitment of MSCs to the osteoblast fate is known to be

induced by soluble factors, for example, bone morphogenetic

proteins and dexamethasone (Dex) (Chen et al., 2011; Mikami

et al., 2011; Oshina et al., 2007; Wang et al., 2012), or by tension

from bone-level matrix elasticity (Engler et al., 2006; Swift et al.,

2013). These stimuli can activate RhoA- and Rho-associated

protein kinase (ROCK)-mediated signaling pathways, which

increase myosin light chain (MLC) phosphorylation at Thr18/

Ser19, thereby generating myosin-II-mediated contractile force,

and subsequent remodeling of actin filaments and maturation of

focal adhesions (FAs) (Chen et al., 2011; Wang et al., 2012).

Thus, during osteogenic differentiation, MSCs change their cell

morphology from a fibroblast-like phenotype to a near spherical

shape, remodel actin cytoskeleton networks, promote stress fiber

formation, and mature FAs. Importantly, the spread cell shape,

cytoskeletal organization and mature FAs are crucial in

supporting osteogenic differentiation of MSCs (Engler et al.,

2006; Müller et al., 2013; Rodrı́guez et al., 2004), whereas round,

un-spread MSCs undergo adipogenic differentiation (McBeath

et al., 2004; Swift et al., 2013). Therefore, cell shape and

cytoskeletal mechanics mediate the commitment of MSCs to the

osteoblast or adipocyte lineages.

FAs are integrin-based adhesive organelles at cell membrane

that are necessary for cells to adhere, sense and transduce

biochemical or physical signals (Burridge et al., 1988; Hynes,

2002; Jockusch et al., 1995; Schwartz et al., 1995). FAs start to

form when their central component, integrin receptor, is activated

by engagement with the extracellular matrix (ECM) and then

recruits FA-associated proteins to connect with the actin

cytoskeleton (Burridge et al., 1988; Hynes, 2002; Jockusch

et al., 1995; Schwartz et al., 1995; Zaidel-Bar and Geiger, 2010;

Zaidel-Bar et al., 2007). Evidence indicates that the size and

composition of FAs are regulated spatiotemporally in a process

called FA maturation (Chrzanowska-Wodnicka and Burridge,

1996; Kuo, 2013; Kuo et al., 2011; Pletjushkina et al., 1998;

Riveline et al., 2001). During maturation, FAs grow in size and

change composition, after which they either stabilize or begin to

disassemble. Modulation of the maturation state of FAs plays a

determinant role in specifying MSC differentiation, given that

different maturation states of FAs modulated by tissue-level ECM

elasticity lead MSCs differentiation into different cell types, such

as neuronal, muscle or bone cells (Engler et al., 2006). A

proteomic study has elucidated the hierarchical cascade of FA

compositional changes during FA maturation, indicating that the
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maturation process modulates the abundance of FA-associated
proteins that transduce distinct biological signals (Kuo et al.,

2011). The components in mature FAs mediate FA strengthening
and the formation of actin bundles (stress fibers) (Kuo, 2013; Kuo
et al., 2011), suggesting that FA proteins control the remodeling
of actin cytoskeleton networks and further control commitment of

MSCs.
Guanine nucleotide exchange factor H1 (GEF-H1, also known

as Rho guanine nucleotide exchange factor 2, encoded by

ARHGEF2) has been identified as a GEF protein with activity
towards RhoA (Ren et al., 1998), which is known to promote
myosin-II-driven contractile force and stress fiber formation

(Bishop and Hall, 2000; Sahai and Marshall, 2002). The activity
of GEF-H1 is known to be regulated by microtubule dynamics
(Krendel et al., 2002). GEF-H1 activity is inhibited by association

with polymerized microtubules and is switched on upon
microtubule disassembly (Krendel et al., 2002). In the
proteomic analysis, GEF-H1 had been identified as
concentrating in mature FAs (Kuo et al., 2011), implying that

GEF-H1 might serve as a molecular link between mature FAs and
actin cytoskeleton organization.

Here, we examined whether GEF-H1 can modulate the FA

composition that controls commitment of MSCs to osteoblast
lineages, and if so, how. We used MSCs as model system,
because it has been documented that the cells can not only

differentiate into osteoblasts or adipocytes (Caplan, 1991;
Friedenstein, 1976; Pittenger et al., 1999), but also show FA
maturation, actin cytoskeleton organization and stress fiber

polarization during osteogentic differentiation (Chen et al.,
2011; Fu et al., 2010; Wang et al., 2012). The commercialized
osteogenesis induction medium (OIM) contains 0.1 mM Dex,
whereas there is 1 mM Dex in adipogenesis induction medium

(AIM) (Mikami et al., 2011; Oshina et al., 2007). In response to
0.1 mM Dex, we found that GEF-H1 was enriched in mature FAs
of MSCs. By examining the effects of GEF-H1 on FA

composition, we have identified that GEF-H1 serves as a
scaffold to mediate the recruitment of non-muscle myosin-II
heavy chain-B (NMIIB, encoded by MYH10) to FAs, which is an

important step required for stress fiber polarization, FA formation
and control of the commitment of MSCs to the osteogenic
lineage.

RESULTS
Microtubule stabilization influences Dex-regulated
cytoskeletal architecture
To test the notion that stimuli for osteogenic differentiation of
MSCs regulate the organization of actin cytoskeleton and FAs in
MSCs, we first examined the effects of Dex, the main component

in the OIM for osteogenic differentiation, on the formation of
stress fibers and FAs in MSCs. Immunolocalization of F-actin
and the FA marker paxillin showed that Dex treatment (0.1 mM,

6 h) significantly induced stress fiber formation and increased FA
number (supplementary material Fig. S1A–C). Thus, MSCs
responded to Dex through reorganization of the cytoskeleton to
produce intensive stress fibers and mature FAs.

We next examined the effects of microtubule dynamics on Dex-
induced actin cytoskeleton organization. Microtubule dynamics
were stabilized with taxol treatment. Immunolocalization of F-

actin and paxillin revealed that taxol treatment led to remodeling of
the orientation of stress fibers and mature FAs, but did not
completely abolish their formation (supplementary material Fig.

S1D). GEF-H1 has been shown to link microtubule and actin

cytoskeleton dynamics (Krendel et al., 2002), which would imply
that Dex-induced stress fiber polarization might be GEF-H1

dependent.

MSCs commitment depends on GEF-H1 expression
Evidence indicates that the spread cell shape, cytoskeletal

organization and mature FAs support MSC osteogenic
differentiation (Engler et al., 2006; McBeath et al., 2004;
Müller et al., 2013; Rodrı́guez et al., 2004). To confirm the

effect of GEF-H1 in MSC osteogenic differentiation, we
generated non-silencing and GEF-H1-silencing MSCs using
lentiviral short hairpin RNA (shRNA) (Fig. 1A). The cells were

cultured in OIM for 14 days and stained for alkaline phosphatase
(ALP) activity, a marker of osteogenesis. In OIM-stimulated
MSCs, non-silencing MSCs expressed more ALP than GEF-H1-

silencing MSCs (Fig. 1B). We quantified the degree of
osteogenesis by comparing the percentages of cells stained with
ALP, and found that OIM promoted ALP labeling of the non-
silencing MSCs by ,50% but had no significant effect on that of

GEF-H1-silencing MSCs, indicating the importance of GEF-H1
expression on MSC osteogenesis (Fig. 1C). To further determine
the effect of GEF-H1 on MSC differentiation to the osteogenic or

adipogenic lineage, the non-silencing and GEF-H1-silencing
MSCs were cultured in a mixed differentiation medium
(OIM:AIM51:1) for 14 days (McBeath et al., 2004), and

stained for ALP activity or lipid droplets, markers of
osteogenesis and adipogenesis, respectively. In mixed
differentiation medium, more non-silencing MSCs showed ALP

activity, whereas more GEF-H1-silencing MSCs contained lipid
droplets (Fig. 1D). We quantified the degree of osteogenesis and
adipogenesis, and showed that silencing of GEF-H1 inhibited
osteogenic commitment, but induced adipogenesis (Fig. 1E),

suggesting that GEF-H1 expression promotes MSC osteogenic
differentiation.

GEF-H1 regulates actin cytoskeletal architecture
GEF-H1 has been shown to promote stress fiber formation and FA
maturation through RhoA and ROCK signaling pathways, resulting

in increased levels of MLC phosphorylation at Thr18/Ser19 and
myosin II activity (Chang et al., 2008; Chrzanowska-Wodnicka
and Burridge, 1996; Krendel et al., 2002; Ridley and Hall, 1992).
We next examined whether GEF-H1 was involved in Dex-induced

myosin II activation (phosphorylation at Thr18/Ser19 of MLC) in
MSC-3A6 cells. Non-silencing and GEF-H1-silencing cells were
treated with 0.1 mM Dex for 0, 6 or 48 h, and cellular MLC

phosphorylation was analyzed by western blotting. We found that
the levels of MLC phosphorylation were increased after 48 h Dex
treatment in both non-silencing and GEF-H1-silencing cells,

compared with 0 h Dex treatment (Fig. 2A). Quantitatively,
silencing of GEF-H1 did not suppress the levels of MLC
phosphorylation after 6 h Dex treatment (Fig. 2B). To analyze

the ability of GEF-H1 in the organization of the actin cytoskeleton,
Dex-stimulated non-silencing and GEF-H1-silencing MSCs were
treated with the microtubule-depolymerizing drug nocodazole
to observe the pattern of F-actin. The results revealed that

the depletion of GEF-H1 substantially decreased actin stress
fiber formation (Fig. 2C). However, without the treatment of
nocodazole, a slight suppression of Dex-induced stress fiber

formation in GEF-H1-silencing MSCs was shown, in comparison
with that in non-silencing cells (Fig. 2D), suggesting that GEF-H1
modulates MSCs lineage commitment through a mechanism that is

yet to be determined.
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Surprisingly, we found that, upon Dex treatment, silencing of
GEF-H1 expression altered the orientation of the stress fibers

(Fig. 2Dg and Fig. 2Dj) in a similar manner to that observed
upon taxol treatment (supplementary material Fig. S1D), whereas
only a few stress fibers were observed in non-silencing and GEF-

H1-silencing MSCs without Dex stimulation (Fig. 2Da and
Fig. 2Dd). To calculate the orientation of stress fibers, we
analyzed the images of F-actin using in-house MATLAB scripts

(Karlon et al., 1999). To compare the distributions of orientation,
the cell image with the segmented stress fibers was rotated to set
the median stress fiber orientation to horizontal axis (0 )̊

(Fig. 2Db, e, h and k). The color map displayed the orientation
of the rest of stress fibers with respect to the median stress fiber
orientation, shown as an angle between 290˚ and 90˚ (Fig. 2Dc,
f, i and l). We further calculated the spread of the distribution of

stress fiber orientation upon Dex treatment to provide a measure
of the degree of stress fiber polarization with the standard
deviation (Fig. 2E) and the level of fiber angle dispersion

(Fig. 2F). Non-silencing MSCs possessed higher degrees of
aligned stress fiber orientations, whereas GEF-H1-silencing
MSCs displayed wider distribution of stress fiber orientations

(Fig. 2E,F). These results suggest that GEF-H1 expression
regulates the anisotropic orientation of stress fibers in response
to Dex.

We next determined the role of GEF-H1 in Dex-induced FA
formation (supplementary material Fig. S1A–C; Fig. 2G,H).
Immunolocalization of paxillin in Dex-treated MSCs showed
that silencing of GEF-H1 significantly decreased the FA

number in MSCs, in comparison with that in the
non-silencing MSCs (Fig. 2G,H). Quantitative analysis of
paxillin-marked FAs indicated that silencing of GEF-H1

decreased the number of medium-sized FAs (1,3 mm2) and
small FAs (,1 mm2), but had no effect on large FAs (.3 mm2)
(Fig. 2I). Thus, GEF-H1 appears to mediate Dex-induced FA

formation.

Dex increases the recruitment of GEF-H1 into FAs
Previous proteomic analysis has indicated that there is elevated

levels of GEF-H1 in mature FAs (Kuo et al., 2011), revealing
that it might enrich in FAs of MSCs. We then analyzed the
levels of GEF-H1 in whole-cell lysate and isolated FA fractions

of MSC-3A6 cells treated with ethanol (control) or Dex
(0.1 mM) for 6 h. The results showed that treatment with Dex
had no effect on the level of GEF-H1 in whole-cell lysate,

but resulted in an ,50% increase of GEF-H1 level in FAs
(Fig. 3A,B). Immunolocalization of GEF-H1 and paxillin
indicated that GEF-H1 was localized at paxillin-marked

FAs in Dex-treated MSCs (Fig. 3C). Quantifying the ratio of
fluorescence density of paxillin and GEF-H1 in FAs showed
that Dex stimulation did not affect paxillin FA density, but
significantly (,30%) increased the FA-localized density of

GEF-H1 (Fig. 3D). Analysis of GFP–GEF-H1 revealed that Dex
treatment caused the association of GFP–GEF-H1 with paxillin-
marked FAs (Fig. 3E). Thus, GEF-H1 is enriched in FAs of

MSCs stimulated with Dex.

The development of GEF-H1-modulated FA proteome by
proteomic analysis
To further characterize the effects of GEF-H1 in Dex-stimulated
FAs, we analyzed the composition and abundance of proteins in

FAs from non-silencing and GEF-H1-silencing MSC-3A6 cells
(supplementary material Fig. S2A). Serum-starved non-silencing
and GEF-H1-silencing MSC-3A6 cells were treated with Dex
(0.1 mM, 6 h) and hypotonically shocked to isolate FAs using the

FA isolation method (Kuo et al., 2011; Kuo et al., 2012), which
has been previously demonstrated to preserve the native FA
organization and size. The isolated FA fractions were subject to

liquid chromatography (LC)-tandem mass spectrometry (MS/MS)
analysis. The proteins that were reproducibly identified at least
two out of five replicate runs (five independent experimental

runs for each condition) were included into the reproducible

Fig. 1. MSCs osteogenesis versus
adipogenesis depends on GEF-H1
expression. (A) The expression of GEF-H1
and GAPDH in non-silencing and GEF-H1-
silencing MSCs was analyzed by western
blotting. (B) Non-silencing and GEF-H1-
silencing MSCs were treated with control
culture medium or osteogenesis induction
medium (OIM) for 14 days and stained for
the activity of ALP. Scale bar: 50 mm. (C) The
percentage of cells showing osteogenesis
(ALP-positive cells). Data are mean6s.e.m.
[non-silencing MSCs: n560 cells (control);
n5111 cells (OIM); GEF-H1-silencing MSCs:
n582 cells (control); n577 cells (OIM)].
***P,0.0001. (D) Non-silencing and GEF-
H1-silencing MSCs were treated with mixed
differentiation medium (OIM:AIM51:1) for 14
days, and stained for the presence of lipid
(Oil Red O; red), the activity of ALP (purple)
and Hoechst 33342 (blue). Scale bar: 50 mm.
(E) Fold change in cells showing
osteogenesis (ALP activity) or adipogenesis
(Oil Red O level) in GEF-H1-silencing MSCs
relative to non-silencing MSCs. Data are
mean6s.e.m (non-silencing: n5571 cells;
GEF-H1-silencing: n5348 cells).
***P,0.0001, **P,0.005.
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lists, which contain 321 and 250 proteins in non-silencing
(supplementary material Table S1) and GEF-H1-silencing FAs
(supplementary material Table S2), respectively. In total, 335

proteins make the list under both conditions (85 proteins only in
non-silencing FAs, 14 proteins only in GEF-H1-silencing FAs
and 236 proteins in both conditions).

Fig. 2. GEF-H1 is not required for Dex-induced myosin II activation but mediates the organization of stress fibers orientation and FA formation. (A) Cell
lysate from serum-starved non-silencing and GEF-H1-silencing MSC-3A6 cells treated with Dex (0.1 mM) for 0, 6 or 48 h were analyzed by western blotting. p-MLC,
phosphorylated MLC. (B) Densitometry analysis of western blots showing the relative levels of the ratio of phosphorylated MLC to total MLC for non-silencing and
GEF-H1-silencing cells treated with Dex (0.1 mM) for 6 h. Data are mean6s.e.m. (n53 for each condition). NS, not significant. (C) Serum-starved non-silencing
and GEF-H1-silencing MSCs treated with Dex (0.1 mM) and nocodazole (10 mM) for 6 h were immunostained with FITC–phalloidin. Scale bar: 20 mm.
(D) Serum-starved non-silencing and GEF-H1-silencing MSCs treated with ethanol (control) or Dex (0.1 mM) for 6 h were immunostained with FITC–phalloidin, to
localize F-actin (a, d, g and j). Scale bar: 20 mm. After image processing to show the segmented F-actin, the image was rotated to place the median stress-fiber-
orientation as horizontal (b, e, h and k). The orientation of each fiber was depicted with a specific color as indicated by the color bar at the right-hand side of each
panel (c, f, i and l). (E) The polar histograms and (F) spread distribution of stress fiber orientations were statistically calculated from non-silencing (n515 cells) and
GEF-H1-silencing MSCs (n515 cells) treated with Dex. Data are mean6s.e.m. ***P,0.0001. (G) Serum-starved non-silencing and GEF-H1-silencing MSCs
treated with ethanol (control) or Dex (0.1 mM) for 6 h were immunostained with paxillin, to visualize FAs, and imaged by TIRFmicroscopy. Scale bar: 20 mm. (H) The
number of segmented paxillin-marked FAs of MSCs, as described in G. Data are mean6s.e.m. (n510 cells for each condition). *P,0.05; ***P,0.0001. (I) Size
distribution of segmented paxillin-marked FAs of MSCs, as described in G. Data are mean6s.e.m. *P,0.05, ***P,0.0001.
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Based on the Gene Ontology (GO) and literature analysis,
proteins in the reproducible lists were classified into six

categories: focal adhesion, cytoskeleton, extracellular matrix,
plasma membrane, cytoplasm, and uncharacterized. The category
‘focal adhesion’ only contained the proteins listed in the integrin

adhesome (Zaidel-Bar and Geiger, 2010; Zaidel-Bar et al., 2007),
which is the current list of most reported FA molecules from
different forms of integrin-mediated FAs, although new FA
components have been frequently identified. In supplementary

material Fig. S2B, the pie diagrams summarize the percentage of
proteins in these categories, and show that the percentage
distributions of these proteins in all categories were similar

between non-silencing or GEF-H1-silencing FA fractions.
Although the reproducibly identified proteins might contain

uncharacterized, undiscovered and transient FA proteins, or
contaminants, our main focus was the determination of

composition changes of FAs modulated by GEF-H1 expression.
To characterize the effects of GEF-H1 on the abundance

changes of FA proteins, we evaluated the relative levels of

individual FA protein isolated from non-silencing and GEF-H1-
silencing MSC-3A6 cells using their spectrum counts. Owing to
the experimental variations, the raw spectrum count of each
protein was normalized before further calculation (supplementary

material Fig. S2A), as described previously (Kuo et al., 2011;
Kuo et al., 2012). Finally, the relative abundance of each protein
in FAs was expressed as a ratio of protein abundance. The 335

reproducibly identified proteins were classified by the magnitude
of their ratio to form the GEF-H1-modulated FA proteome

Fig. 3. GEF-H1 is enriched in Dex-stimulated FAs.
(A) FA fraction (FA) and whole-cell lysate (WCL) from
serum-starved MSC-3A6 cells treated with ethanol
(control) or Dex (0.1 mM) for 6 h were analyzed by western
blotting. (B) Densitometry analysis of western blots
showing the ratio of GEF-H1 in FA and WCL from MSC-
3A6 cells treated with Dex relative to ethanol (Con). Data
are mean6s.e.m. (n53 for each condition). ***P,0.0001.
NS, not significant. (C) TIRF images of immunolocalized
paxillin (red) and GEF-H1 (green) or anti-rabbit-IgG
antibody conjugated to Alexa Fluor 488 (green) in serum-
starved non-silencing or GEF-H1-silencing MSCs treated
with ethanol (control) or Dex (0.1 mM) for 6 h. Scale bars:
20 mm. The boxed 20 mm620 mm areas indicated in the
upper image rows are magnified in the row below.
(D) Ratio of average density (intensity per mm2) of paxillin
or GEF-H1 within segmented FAs of non-silencing MSCs
treated with Dex relative to control. Data are mean6s.e.m.
(n510 cells for each condition). ***P,0.0001. (E) Serum-
starved MSCs overexpressing GFP–GEF-H1 (green) and
treated with ethanol (control) or Dex (0.1 mM) for 6 h were
immunostained for paxillin (red). Scale bars: 20 mm. The
boxed 20 mm620 mm areas indicated in the upper image
rows are magnified in the row below.
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(supplementary material Table S3). They included 117 proteins
with a ratio .2, indicating GEF-H1-dependent FA recruitment;

93 proteins with a ratio ,0.5, indicating FA recruitment inhibited
by GEF-H1 expression; and 125 proteins with a ratio between 0.5
and 2, indicating GEF-H1-independent FA recruitment. Thus,
GEF-H1 affects FA enrichment of proteins leading to substantial

changes in FA composition that might modulate distinct
pathways in Dex-induced MSCs FA formation and stress fiber
polarization.

Actin cytoskeleton mechanics in a living cell are known to be
regulated dynamically by positive and negative regulators. In the
GEF-H1-modulated FA proteome (supplementary material Fig.

S3A), we found the proteins that served as positive regulators of
actin mechanics were enriched in FAs of non-silencing cells. These
proteins included NMIIB (MYH10), myosin essential light chain

(MELC; MYL6), myosin regulatory light chain (MRLC; MYL9),
myosin phosphatase (MYPT; PPP1R12A) and tropomyosin II (also
known as b-tropomyosin, encoded by TPM2). However, the
negative regulator caldesmon 1 (CALD1) (Grosheva et al., 2006)

was concentrated in GEF-H1-silencing FAs. Therefore, GEF-H1
might control actin mechanics through modulating FA
accumulation of these regulators.

Notably, we identified several factors known in GEF-H1-
related signaling pathways from the GEF-H1-modulated FA
proteome. In supplementary material Fig. S3B, we list 41 known

GEF-H1-interacting proteins, categorized by their cellular
localizations, e.g. focal adhesion, cytoskeleton and cytoplasm.
Of the 41 GEF-H1-interacting proteins, only Rac1 and RhoA are

known FA components listed in the integrin adhesome (Zaidel-
Bar and Geiger, 2010; Zaidel-Bar et al., 2007), yet we
reproducibly identified six GEF-H1-interacting proteins in the
isolated FA fractions, including Rac1 (RAC1), non-muscle

myosin-II heavy chain-A (NMIIA; MYH9), NMIIB (MYH10),
vasolin-containing protein (VPC), 14-3-3t (YWHAQ) and 14-3-
3f (YWHAZ). NMIIA and NMIIB are different isoforms of non-

muscle myosin II (NMII), and we detected more spectrum
counts of NMIIA than that of NMIIB in non-silencing FA
fractions, suggesting that NMIIA is more abundant than NMIIB

at FAs. Although both NMIIA and NMIIB were detected in the
FA fractions of non-silencing MSCs (supplementary material
Table S1), only NMIIA was detected in the FA fractions of
GEF-H1-silencing MSCs (supplementary material Table S2),

indicating that silencing of GEF-H1 decreased the abundance of
NMIIB at FAs, but not that of NMIIA. Furthermore, NMIIB is
known to be involved in the signaling pathway downstream of

RhoA-mediated actomyosin contractility (supplementary
material Fig. S3C) (Chrzanowska-Wodnicka and Burridge,
1996; Ridley and Hall, 1992). Therefore, we focused on

NMIIB to further determine how GEF-H1 regulates Dex-
induced FA formation and stress fiber polarization in MSCs
through FA signaling.

GEF-H1 mediates FA recruitment of NMIIB
To understand how GEF-H1-mediated FA signaling regulated
stress fiber polarization, we focused on NMIIB. Immunoblotting

of FA fractions from non-silencing and GEF-H1-silencing
MSC-3A6 cells confirmed the positive regulation of NMIIB
accumulation by GEF-H1 expression, whereas total NMIIB were

not changed in GEF-H1-silencing MSCs (Fig. 4A), indicating
that NMIIA was the major isoform in FAs of GEF-H1-silencing
MSCs. In Fig. 4B, silencing of GEF-H1 resulted in a 40%

decrease of NMIIB in FAs, with negligible effect on NMIIA,

consistent with results seen in the GEF-H1-modulated FA
proteome (supplementary material Table S3). Total internal

reflection fluorescence (TIRF) microscopy analysis revealed an
accumulation of NMIIB in the FAs of non-silencing MSCs but
not in those of GEF-H1-silencing MSCs (Fig. 4C). Quantification
of the ratio of fluorescence densities of paxillin and NMIIB in

FAs indicated that GEF-H1 expression did not change the density
of paxillin at FAs, but significantly increased the FA density of
NMIIB (70%) (Fig. 4D). Analysis of GFP–NMIIB in Dex-treated

non-silencing and GEF-H1-silencing MSCs confirmed that
NMIIB concentration in paxillin-marked FAs appeared to be
positively regulated by GEF-H1 (Fig. 4E). We next hypothesized

that GEF-H1 and NMIIB had similar protein turnover within FAs
upon Dex treatment. To test this, we used fluorescence recovery
after photobleaching (FRAP) of GFP–GEF-H1 or GFP–NMIIB in

single FAs (Fig. 4F) and calculated the mean fluorescence
recovery t1/2 as the stability of FA binding (Bulinski et al.,
2001; Lele and Ingber, 2006). GFP-tagged GEF-H1 and NMIIB
had similar FRAP t1/2: 1661.34 s and 1761.01 s, respectively

(mean6s.e.m.) (Fig. 4G), revealing that NMIIB possesses a
similar protein turnover within FAs to that of GEF-H1 upon Dex
treatment. Therefore, we focused further study on the mechanism

of GEF-H1-dependent NMIIB association with FAs.
Our results showing that GEF-H1 localizes mostly in the FAs of

MSCs upon treatment with Dex, and that GEF-H1 is required for

the recruitment of NMIIB in Dex-stimulated FAs, suggests that
GEF-H1 serves as a Dex-sensitive scaffold for FA recruitment of
NMIIB. To verify this, we first examined the association of GEF-

H1 with NMIIB in FAs with an immunoprecipitation assay in the
FA fractions of MSC-3A6 cells. Fig. 5A revealed the association
of NMIIB with GEF-H1 in FAs, concomitant with increase
abundance of GEF-H1 and NMIIB in the FA fraction, upon Dex

treatment. Surprisingly, NMIIA was also strongly co-precipitated
by anti-GEF-H1 antibodies in the Dex-stimulated FAs (Fig. 5A),
despite the finding that NMIIA in FAs did not seem to be affected

by GEF-H1 expression (Fig. 4A,B). To determine whether the
interactions between GEF-H1 and NMIIB or NMIIA were altered
by Dex, we investigated their associations by immunoprecipitation

of MSC-3A6 lysates. We found that the levels of NMIIB and
NMIIA in the GEF-H1 immunoprecipitates were not changed
regardless of Dex treatment (Fig. 5A). Taken together, GEF-H1
appears to interact with NMIIB and/or NMIIA in the cytoplasm

and FAs, but only positively regulates the recruitment of NMIIB in
FAs. It appears that NMIIB localizes mostly at FAs mainly through
the GEF-H1–NMIIB interaction. Although GEF-H1 also interacts

with NMIIA, this interaction is not crucial for NMIIA FA
recruitment.

NMII is known to directly interact with the Dbl homology (DH)

domain of several of the Dbl family of GEFs, including b-PIX,
Tiam1 and Vav1 (Lee et al., 2010), implying that GEF-H1 might
interact with NMII through its DH domain. To examine whether

enrichment of NMIIB in Dex-stimulated FAs was dependent on the
DH domain of GEF-H1, we first generated a GEF-H1 construct
without the DH domain, which we termed GEF-H1_DH(m)
(Fig. 5B), and assayed the association of the expressed protein

with NMIIB in an immunoprecipitation assay. Immunoprecipitation
was carried out using lysate from MSC-3A6 cells expressing pGFP-
C1, pGFP-GEF-H1 or pGFP-GEF-H1_DH(m) with GFP-Traps

beads and analyzed by immunoblotting. As shown in Fig. 5C, both
NMIIB and NMIIA were found to be associated with GFP–GEF-
H1, whereas neither protein was detectable in mock-transfected

lysate. In the lysate of pGFP-GEF-H1_DH(m)-transfected cells, the
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co-precipitation of NMIIB was substantially reduced, whereas the
level of NMIIA was not substantially changed (Fig. 5C). These
results confirm that the DH domain of GEF-H1 serves as an

important region for NMIIB association, but not for NMIIA
interaction.

We then examined the effects of the DH domain of GEF-H1

on the recruitment of NMIIB in Dex-stimulated FAs.
Immunoblotting of FA fractions from Dex-stimulated GEF-H1-
silencing MSC-3A6 cells expressing pGFP-C1 (mock),

pGFP-GEF-H1 or pGFP-GEF-H1_DH(m) revealed that the FA
accumulation of NMIIB was substantially rescued by expressing
pGFP-GEF-H1 but not pGFP-GEF-H1_DH(m) (Fig. 5D). To
further examine the effects of GEF-H1_DH(m) on the

enrichment of NMIIB in FAs of MSCs, we generated GEF-
H1-silencing MSCs expressing pLKO vector (mock),

pLKO-GEF-H1 or pLKO-GEF-H1_DH(m) using a lentivirus-
based expression system (supplementary material Fig. S4A), and
imaged the endogenous NMIIB and FA marker paxillin using

TIRF microscopy analysis. Increased accumulation of NMIIB
was observed in FAs of GEF-H1-silencing MSCs expressing
GEF-H1, but not in those of cells expressing GEF-H1_DH(m) or

mock (Fig. 5E). Quantification of the ratio of fluorescence
density of paxillin and NMIIB in FAs indicated that mock, GEF-
H1 or GEF-H1_DH(m) expression did not change the paxillin

FA density. In contrast, the FA density of NMIIB was
significantly increased (60%) by GEF-H1 expression and not
GEF-H1_DH(m) expression, as compared with mock expression
in GEF-H1-silencing MSCs (Fig. 5F). Thus, the DH domain of

GEF-H1 plays a crucial role in recruiting NMIIB to Dex-
stimulated FAs.

Fig. 4. GEF-H1 mediates the
recruitment of NMIIB in FAs. (A) FA
fraction (FA) and whole-cell lysate
(WCL) from serum-starved non-
silencing (non-shRNA and non-
siRNA) and GEF-H1-silencing (GEF-
H1#1 shRNA and GEF-H1#2 siRNA
indicate different sequence targets of
GEF-H1) MSC-3A6 cells treated with
Dex (0.1 mM, 6 h) were analyzed by
western blotting. (B) Densitometry
analysis of western blots showing the
ratio of NMIIA or NMIIB in the FA
fraction (FA) from MSC-3A6 cells
expressing GEF-H1-silencing shRNA
relative to non-silencing shRNA. Data
are mean6s.e.m. (n53 for each
condition). **P,0.005; NS, not
significant. (C) TIRF images of
immunolocalized paxillin (red) and
NMIIB (green) in non-silencing and
GEF-H1-silencing MSCs treated with
Dex (0.1 mM, 6 h). Scale bar: 20 mm.
The boxed 20 mm620 mm areas
indicated in the upper image rows are
magnified in the row below. (D) The
ratio of the average density (intensity
per mm2) of paxillin or NMIIB within
segmented FAs of MSCs expressing
non-silencing shRNA relative to GEF-
H1-silencing shRNA. Data are
mean6s.e.m. (n58 cells for each
condition). **P,0.005. (E) Serum-
starved non-silencing and GEF-H1-
silencing MSCs overexpressing
GFP–NMIIB (green) and treated with
Dex (0.1 mM) for 6 h were
immunostained for paxillin (red).
Scale bar: 20 mm. The boxed
20 mm620 mm areas indicated in the
upper image rows are magnified in
the row below. (F,G) GFP–GEF-H1
and GFP–NMIIB localized to FAs
were subjected to FRAP. Sample
fluorescence recovery curves for
GEF-H1 and NMIIB in a single FA
(F). Half-times of fluorescence
recovery (G). Data are mean6s.e.m.
(n5number of FAs). NS,
not significant.
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FA recruitment of NMIIB regulates stress fiber polarization
and FA formation
We then examined FA recruitment of NMIIB-controlled

polarized stress fibers upon Dex treatment. We generated
non-silencing, NMIIB-silencing (supplementary material Fig.

S4B) and GEF-H1-silencing MSCs expressed using pLKO-
vector (mock), pLKO-GEF-H1 or pLKO-GEF-H1_DH(m),
respectively (supplementary material Fig. S4A), and measured

the orientation of stress fibers and fiber angle dispersion by
analyzing the images of F-actin (Fig. 6A) as described above.

Fig. 5. GEF-H1 recruits NMIIB to FAs through its DH domain. (A) FA fraction (FA) and whole-cell lysate (WCL) from MSC-3A6 cells treated with control
culture medium (M) or serum-starved MSC-3A6 cells treated with ethanol (–) or Dex (0.1 mM) for 6 h was immunoprecipitated using the control (rabbit anti-
GAPDH) or anti-GEF-H1 antibodies, and analyzed by western blotting. The 3% input of FA fraction was analyzed by western blotting. (B) Diagram of the domain
structures of GEF-H1 and GEF-H1_DH(m). ZF, zinc-finger motif; DH, Dbl homology domain; PH, pleckstrin homology domain; CC, coiled-coil domain.
(C) Whole-cell lysates from serum-starved MSC-3A6 cells expressing GFP–C1, GFP–GEF-H1 or GFP–GEF-H1_DH(m) treated with Dex (0.1 mM, 6 h) were
immunoprecipitated using GFP-Trap beads. The immunoprecipitated complexes and the 3% input of whole-cell lysate were then analyzed by western blotting.
(D) The FA fraction (FA) and the whole-cell lysate (WCL) from serum-starved non-silencing and GEF-H1-silencing MSC-3A6 cells expressing pGFP-C1 (mock),
pGFP-GEF-H1 or pGFP-GEF-H1_DH(m) and treated with Dex (0.1 mM, 6 h) were analyzed by western blotting. (E) TIRF images of immunolocalized paxillin
(red) and NMIIB (green) in GEF-H1-silencing MSCs expressing pLKO-vector (mock), pLKO-GEF-H1, or pLKO-GEF-H1_DH(m) and treated with Dex (0.1 mM,
6 h). Scale bars: 20 mm. The boxed 20 mm620 mm areas indicated in the upper image rows are magnified in the row below. (F) Ratio of average density
(intensity per mm2) of paxillin or NMIIB within segmented FAs of GEF-H1-silencing MSCs expressing pLKO-GEF-H1 relative to mock, or GEF-H1-silencing
MSCs expressing pLKO-GEF-H1_DH(m) relative to mock (n511 cells for each condition). Data are mean6s.e.m. **P,0.005.
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Fig. 6. GEF-H1-mediated FA recruitment of NMIIB controls stress fiber polarization and FA formation. (A) Serum-starved non-silencing (a–c), GEF-H1-
silencing MSCs expressing pLKO vector (mock) (d–f), pLKO-GEFH1 (g–i) or pLKO-GEF-H1_DH(m) (j–l), and NMIIB-silencing MSCs (m–o) were treated with
Dex (0.1 mM, 6 h), and immunostained with FITC–phalloidin, to localize F-actin (a, d, g, j and m). Scale bar: 20 mm. After image segmentation, the image was
rotated to set the median stress-fiber-orientation as horizontal (b, e, h, k and n). The orientation of each fiber was depicted with a specific color as indicated by
the color at the right-hand side of each panel (c, f, i, l and o). (B,C) The polar histograms (B) and spread distribution (C) of stress fiber orientations were
statistically calculated from non-silencing (n519 cells), or GEF-H1-silencing MSCs expressing pLKO vector (mock) (n518 cells), pLKO-GEFH1 (n515 cells) or
pLKO-GEF-H1_DH(m) (n515 cells), and NMIIB-silencing MSCs (n514 cells). Data are mean6s.e.m. ***P,0.0001 (C, top: compared with non-silencing;
bottom: compared with mock). (D) Serum-starved non-silencing, NMIIB-silencing, and GEF-H1-silencing MSCs expressing pLKO-vector (mock), pLKO-GEFH1
or pLKO-GEF-H1_DH(m) were treated with Dex (0.1 mM, 6 h), immunostained with paxillin, to visualize FAs, and imaged by TIRF microscopy. Scale bar: 20 mm.
(E) The number of segmented paxillin-marked FAs of MSCs, as described in D. Data are mean6s.e.m. (non-silencing, n58 cells; NMIIB-silencing, n56 cells;
GEF-H1-silencing cells expressing mock, n59 cells; expressing pLKO-GEF-H1, n57 cells; expressing pLKO-GEF-H1_DH(m), n56 cells). **P,0.005,
***P,0.0001 (top, compared with non-silencing; bottom, compared with mock). (F) Size distribution of segmented paxillin-marked FAs of MSCs, as described in
D. Data are mean6s.e.m. (non-silencing, n58 cells and 1506 FAs; NMIIB-silencing, n56 cells and 581 FAs; GEF-H1-silencing expressing mock, n59 cells and
835 FAs; expressing pLKO-GEF-H1, n57 cells and 1358 FAs; expressing pLKO-GEF-H1_DH(m), n56 cells and 537 FAs). *P,0.05; **P,0.005 (top, compared
with non-silencing; bottom, compared with mock).
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Fig. 6B,C shows that NMIIB-silencing MSCs exhibited wider
distributions of stress fiber orientations than non-silencing MSCs,

similar to that of mock or pLKO-GEF-H1_DH(m) expression in
GEF-H1-silencing MSCs. In addition, the disruption of stress
fiber alignment in GEF-H1-silencing MSCs was rescued by
expression of pLKO-GEF-H1. Supplementary material Fig. S4B

showed that silencing of NMIIB did not change the expression of
GEF-H1 and NMIIA (Raab et al., 2012), implying that the effects
of NMIIB on stress fiber polarization are not due to the decrease

in NMIIA or GEF-H1. These findings indicate that GEF-H1-
dependent FA recruitment of NMIIB regulates the Dex-induced
anisotropic orientation of stress fibers in MSCs.

We next examined the role of NMIIB in Dex-induced FA
formation. Immunolocalization of paxillin in non-silencing,
NMIIB-silencing and GEF-H1-silencing MSCs, expressing

pLKO-vector (mock), pLKO-GEF-H1, and pLKO-GEF-
H1_DH(m), respectively, upon Dex treatment showed that
silencing of NMIIB significantly decreased total FA number of
MSCs (Fig. 6D,E), especially that of medium-sized FAs

(1,3 mm2) and small sized FAs (,1 mm2) (Fig. 6F), similar to
GEF-H1-silencing MSCs (Fig. 6D–F). The effects of GEF-H1-
silencing MSCs on FA number and FA size distribution were

rescued by pLKO-GEF-H1 but not by pLKO-GEF-H1_DH(m),
expression (Fig. 6D–F). These results indicate that GEF-H1-
mediated accumulation of NMIIB in FAs is required for the

modulation of FA formation in MSCs upon Dex treatment.

FA recruitment of NMIIB regulates cytoskeletal mechanics
The dependence of Dex-mediated stress fiber polarization on FA
recruitment of NMIIB raises a possibility that NMIIB in FAs
might regulate the orientation of stress fiber and cytoskeletal
mechanics under the osteogenic differentiation conditions. As

GEF-H1 is the central regulator of the FA abundance of NMIIB,
we first confirmed FA localization of GEF-H1 in MSCs cultured
for 48 h in OIM. Immunolocalization of paxillin and GEF-H1

showed that GEF-H1 was localized in FAs (Fig. 7A).
Visualization of NMIIB in MSCs revealed that, in cells
expressing the non-silencing shRNAs, NMIIB localized in FAs

upon OIM treatment, but that this localization was suppressed by
GEF-H1 knockdown (supplementary material Fig. S4C,Da). This
inhibitory effect was rescued by expressing pLKO-GEF-H1
(supplementary material Fig. S4C,Db), but not pLKO-GEF-

H1_DH(m) (supplementary material Fig. S4C,Dc). Thus, under
the osteogenic differentiation conditions, GEF-H1 is enriched in
FAs to mediate the recruitment of NMIIB through its DH domain.

To calculate the orientation of stress fibers, we analyzed the
images of F-actin as described above and showed that non-
silencing MSCs had a higher degree of alignment of stress fiber

orientation upon OIM treatment. Cells with silencing of NMIIB
exhibited a wider distribution of stress fiber orientation, as was
apparent in GEF-H1-silencing MSCs expressing pLKO-vector

(mock) or pLKO-GEF-H1_DH(m) (Fig. 7B–D). Taken together,
these results confirm that upon osteogentic induction, the FA
localization of GEF-H1 recruits NMIIB into FAs that play a
crucial role in anisotropic orientation of stress fibers in MSCs.

As the orientation of stress fibers, together with the dynamic
FAs, has been linked to the spatial organization of intracellular
tension and changes in cell shape (Lee et al., 2013; Zemel et al.,

2010a; Zemel et al., 2010b), we next investigated whether cell
stiffness (viscos-elasticity) was changed due to the increased
abundance of NMIIB in FAs. The non-silencing, NMIIB-silencing

and GEF-H1-silencing MSCs, expressing pLKO-vector (mock),

pLKO-GEF-H1 or pLKO-GEF-H1_DH(m), respectively, were
cultured in control culture medium or OIM for 48 h and their

Young’s modulus (Pa) was measured using atomic force
microscopy (AFM). We found that the stiffness of non-silencing
MSCs was significantly higher when they were cultured in OIM
than in control culture medium (Fig. 7E). Furthermore, under the

osteogenic differentiation condition, silencing of NMIIB or GEF-
H1 significantly softened the cells, as compared to the non-
silencing MSCs. The cell stiffness in GEF-H1-silencing MSCs was

increased by pLKO-GEF-H1 expression, but not by pLKO-GEF-
H1_DH(m) expression (Fig. 7E). Taken together, these findings
indicate that the recruitment of NMIIB in FAs affects cytoskeletal

mechanics, leading to the modulation of MSC stiffness.

GEF-H1 regulates the MSC commitment through NMIIB-
mediated cytoskeletal mechanics
As the high and low levels expression of GEF-H1 positively
correlates to osteogenic and adipogenic differentiation,
respectively, we investigated whether the effect on MSC

lineage commitment is due to FA recruitment of NMIIB. We
cultured the non-silencing, NMIIB-silencing, GEF-H1/NMIIB-
silencing and GEF-H1-silencing MSCs, expressing pLKO-vector

(mock), pLKO-GEF-H1 or pLKO-GEF-H1_DH(m), respectively,
in a mixed differentiation medium (OIM:AIM51:1) for 14 days.
ALP or lipid droplet staining revealed that silencing of NMIIB or

GEF-H1 increased adipogenesis and decreased osteogenesis
(Fig. 8A–C). Silencing of both GEF-H1 and NMIIB further
decreased osteogenesis and increased adipogenesis, in

comparison with GEF-H1-silencing or NMIIB-silencing MSCs
(Fig. 8A–C). The shift in lineages in GEF-H1-silencing MSCs
was rescued by pLKO-GEF-H1 expression, but not pLKO-GEF-
H1_DH(m) expression (Fig. 8A–C). The examination of stress

fiber orientation in MSCs cultured in OIM for 14 days (data not
shown) showed similar results as seen in Fig. 7B–D. Taken
together, these findings suggest that, although GEF-H1-mediated

FA signaling is downstream of differentiation stimuli, the control
of the osteogenic-to-adipogenic commitment switch mediated by
stress fiber polarization is regulated through FA recruitment of

NMIIB.

DISCUSSION
Our study profiled GEF-H1-dependent FA composition changes

and uncovered a new role of GEF-H1 in regulating cytoskeletal
architecture and MSC osteogenic differentiation through FA
signaling. To further understand the role of GEF-H1 in FAs, we

searched for proteins recruited to FAs in a GEF-H1-dependent
manner and examined the effect of their association. We focused
on the GEF-H1-dependent recruitment of NMIIB to FAs,

showing that it controlled the anisotropic orientation of stress
fibers, the stiffness of cells and commitment of MSCs to
osteogenic fate (Fig. 8D). Here, we demonstrated that MSC

commitment was regulated through FA-mediated signaling,
which is crucial in the control of cytoskeletal mechanics and
the stiffness of cells.

Our results revealed for the first time the association of GEF-

H1 (Fig. 3), NMIIA and NMIIB (Fig. 4) in FAs, although
GEF-H1, NMIIA and NMIIB had not been previously listed in
the integrin adhesome (Zaidel-Bar and Geiger, 2010; Zaidel-Bar

et al., 2007). FA accumulation of NMIIB was confirmed to be
regulated by binding with GEF-H1 (Figs 4 and 5). However,
GEF-H1 did not control the accumulation of NMIIA at FAs,

although NMIIA had been demonstrated to interact with GEF-H1
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(Fig. 5A,C) (Lee et al., 2010). By assessing the Dex sensitivity of

the GEF-H1–NMIIA and GEF-H1–NMIIB interactions, we
showed that these interactions were not influenced by signaling
induced by Dex (Fig. 5A), implying that NMIIA is recruited to

FAs through other new interacting proteins that are yet to be
identified. Nevertheless, our results showed that the abundance of
GEF-H1 in FAs was sensitive to Dex (Fig. 3), supporting the

notion that GEF-H1 served as a crucial scaffold protein in the
recruitment of NMIIB to FAs of MSCs under osteogenic
conditions.

Our study also revealed a previously unrecognized role of an
interaction between GEF-H1 and NMIIB at FAs that takes place
in the physiologically relevant context of stress fiber polarization

in MSC osteogenic differentiation. We showed that FA

recruitment of NMIIB, through GEF-H1, facilitated the
directional orientation of stress fibers and FA formation. In
OIM-stimulated GEF-H1-silencing MSCs, we demonstrated that

GEF-H1, but not GEF-H1_DH(m) (a GEF-H1 mutant with a
deletion of the DH domain), rescued defects in stress fiber
polarization, leading to a closer alignment of the stress fibers with

the major axis of the cells (Fig. 7B–D). This observation
specifies a new function of the GEF-H1 DH domain, which,
through its association with NMIIB, targets NMIIB for FA

localization; this, in turn, mediates polarization and/or alignment
of stress fibers within the cell. The anisotropic orientation of
stress fibers, together with the dynamic FAs, has been linked to

Fig. 7. GEF-H1-mediated FA
recruitment of NMIIB controls
cytoskeletal mechanics. (A) TIRF
images of immunolocalized paxillin
(red) and GEF-H1 (green) in MSCs
treated with OIM for 48 h. Scale bar:
20 mm. The boxed 20 mm620 mm
areas indicated in the top images are
magnified in the images below.
(B) Non-silencing MSCs treated with
control culture medium (a–c), non-
silencing MSCs (d–f), GEF-H1-
silencing MSCs expressing pLKO
vector (mock) (g–i), pLKO-GEFH1
(j-l) or pLKO-GEF-H1_DH(m)
(m–o), and NMIIB-silencing MSCs
(p–r) were treated with OIM for 48 h,
and immunostained with FITC–
phalloidin, to localize F-actin
(a, d, g, j, m and p). Scale bar: 20 mm.
After image segmentation, the image
was rotated to set the median stress-
fiber-orientation as horizontal
(b, e, h, k, n and q). The orientation of
each fiber was depicted with a
specific color as indicated by the
color at the right-hand side of each
panel (c, f, i, l, o and r). (C,D) The
polar histograms (C) and spread
distribution (D) of stress fiber
orientations were statistically
calculated (n515 cells for each
conditions). Data are mean6s.e.m.
***P,0.0001 (D, top, compared with
non-silencing; bottom, compared with
mock). (E) Stiffness (Young’s
modulus; Pa) of non-silencing MSCs
treated with control culture medium
(n549 cells) and non-silencing (n550
cells), NMIIB-silencing (n533 cells)
and GEF-H1-silencing MSCs
expressing pLKO-vector (mock)
(n539 cells), pLKO-GEFH1 (n535
cells) or pLKO-GEF-H1_DH(m)
(n548 cells) were treated with OIM
for 48 h. Data are mean6s.e.m.
**P,0.005, ***P,0.0001.
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the spatial organization of intracellular forces and changes in

cell morphology, leading to the reinforcement of cell tension
(Lee et al., 2013; Zemel et al., 2010a; Zemel et al., 2010b). The
structural and mechanical polarization of the cytoskeleton has
been observed in cells responding to diverse types of active

mechanical stimuli (del Alamo et al., 2008; Hur et al., 2012;
Kaunas et al., 2005). It is thus conceivable that the recruitment
of NMIIB, through the DH domain of GEF-H1, to FAs

contributes to a polarized distribution of stress fibers and FA
formation, thereby generating an increase in intracellular tension
and modulating cell shape. Indeed, FA recruitment of NMIIB,

through GEF-H1, mediates the stiffness of MSCs (Fig. 7E),
supporting the notion that the increased accumulation of the
GEF-H1–NMIIB complexes in FAs might contribute to polarize

the cellular tension along the stress fibers parallel to the long
axis of the cells to commit indispensable events of osteogenesis,
including cell shape, cell–matrix array and cell–cell alignment

(Guilak et al., 2009; Müller et al., 2013; Rodrı́guez et al., 2004).

It is known that ,65% of the NMIIB-null mice die prior to birth
due to defective heart and brain development, whereas some are
born suffering from cardiac failure and die during the first day of
life. Therefore, most studies focused on the role of NMIIB on

the development of brain and heart (Takeda et al., 2003; Tullio
et al., 1997). Although the studies of NMIIB-null mice do not
mention the effects on bone mass, the size of newborn NMIIB-

null mice is smaller than control mice (Tullio et al., 1997),
implying NMIIB might contribute to bone strength and bone
formation.

Our results, together with those from previous studies, support
the notion that the regulation of actin cytoskeleton by microtubule
dynamics can be mediated by GEF-H1 (Chang et al., 2008;

Enomoto, 1996; Krendel et al., 2002), which is in turn regulated
by an interaction with polymerized microtubules (Krendel et al.,
2002). Indeed, we showed that drug-induced microtubule

Fig. 8. MSCs adipogenesis versus
osteogenesis depends on FA
recruitment of NMIIB. (A) Non-
silencing, NMIIB-silencing, GEF-H1
and NMIIB-silencing, and GEF-H1-
silencing MSCs expressing pLKO-
vector (mock), pLKO-GEFH1 or
pLKO-GEF-H1_DH(m) were treated
with mixed differentiation medium
(OIM : AIM51:1) for 14 days, and
stained for the presence of lipid (Oil
Red O; red), the activity of ALP
(purple) and Hoechst 33342 (blue).
Scale bar: 50 mm. (B) Fold change in
cells showing osteogenesis (ALP
activity) and (C) adipogenesis (Oil red
O level) in GEF-H1-silencing (n5348
cells), NMIIB-silencing (n5408 cells)
or GEF-H1- and NMIIB-silencing
(n5370 cells), normalized to non-
silencing MSCs (n5571 cells), and
GEF-H1-silencing MSCs expressing
pLKO-GEFH1 (n5596 cells) or
pLKO-GEF-H1_DH(m) (n5212 cells),
normalized to pLKO-vector (mock)
(n5348 cells). Data are
mean6s.e.m. **P,0.005,
***P,0.0001. (D) Model of FA-
mediated signaling in the control of
MSC commitment to osteogenesis.
The FA abundance of GEF-H1 acts
as a scaffold protein to recruit NMIIB,
driving anisotropic orientation of
stress fibers, FA organization and
MSC osteoblast differentiation.
Interference with the abundance of
NMIIB in FAs alters actin cytoskeletal
organization, cell stiffness, and MSC
commitment to adipogenesis. The
GEF-H1- and NMIIB-mediated FA
signaling appears necessary to
reorganize cytoskeletal mechanics,
leading to an osteogenic–adipogenic
switch in MSC lineage commitment.
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stabilization (taxol) resulted in changes in FA organization, as
well as orientation of contractile stress fibers, similar to the

changes induced by silencing of GEF-H1 (supplementary
material Fig. S1D; Fig. 2D–F). GEF-H1 has been identified as
a GEF that activates RhoA through its DH domain (Ren et al.,
1998), which is known to promote myosin-II-driven contractile

force and stress fiber formation. However, we showed that silencing
of GEF-H1 or expression of GEF-H1_DH(m) did not abolish the
formation of stress fibers induced by Dex or OIM (Fig. 6A;

Fig. 7B), indicating that the GEF activity of GEF-H1 was not
required for stress fiber formation upon osteogenic induction. It also
suggests that, upon osteogenic induction, GEF-H1 is not responsible

for the regulation of RhoA activity on myosin II contractility
(phosphorylation at Thr18/Ser19 of MLC) and stress fiber
formation, implying the existence of another RhoA GEF that

mediates RhoA activation. To date, a few members of the Rho GEF
family, for example, leukemia-associated Rho GEF (LARG, also
known as Rho guanine nucleotide exchange factor 12, encoded by
ARHGEF12) and p115-RhoGEF (also known as Rho guanine

nucleotide exchange factor, encoded by ARHGEF1), have been
examined and shown to increase the activity of RhoA (Guilluy et al.,
2011), thus playing a pivotal role in RhoA signaling in response to

Dex. Given that drug-induced microtubule depolymerization
(nocodazole)-induced stress fiber formation was suppressed by
silencing of GEF-H1 (Fig. 2C), the amount of unbound GEF-H1

might determine its contribution to Rho-dependent regulation of the
actin cytoskeleton in MSCs. In addition, the cellular distribution of
GEF-H1 might lead to its specific biological functions. For

examples, microtubule-bound GEF-H1 could contribute to the
stabilization of microtubules, cytosolic GEF-H1 might serve as a
GEF for RhoA activation (Krendel et al., 2002) and FA-accumulated
GEF-H1 could mediate FA organization and stress fiber

polarization. As Dex begins to exert its activity on FA maturation,
the increased abundance of GEF-H1 in FAs promotes the
enrichment of GEF-H1–NMIIB complex to affect the organization

of FAs, actin stress fibers and cell stiffness.
Several crucial questions remain about Dex-induced

recruitment of GEF-H1 to FAs. Of the 41 well-known GEF-H1-

interacting proteins, only RhoA and Rac1 are well-characterized
FA proteins (Zaidel-Bar and Geiger, 2010; Zaidel-Bar et al.,
2007). Although NMIIA, NMIIB, VPC, 14-3-3t and 14-3-3f are
reproducibly identified in the FA fractions, they are not listed in

the integrin adhesome (Zaidel-Bar and Geiger, 2010; Zaidel-Bar
et al., 2007). Therefore, the recruitment of GEF-H1 to FAs might
be mediated through its interaction with one or more of the well-

known FA proteins, or through other novel interacting proteins
yet to be identified. Additionally, the mechanisms for NMIIB FA
recruitment that promote stress fiber polarization remain

unknown. Future studies are clearly needed to help clarify these
important questions.

MATERIALS AND METHODS
Cells
Human mesenchymal stem cells (MSCs) (Lonza) stably expressing

shRNA or pLKO-AS3W-related expression constructs were generated

using a lentiviral shRNA system according to the manufacturer’s

instructions. Transient transfections were performed by nucleofection

(Lonza) with the Human MSC Nucleofector Kit and program U-23. The

MSC-3A6 cells (a gift from Shih-Chieh Hung, National Yang-Ming

University, Taiwan), derived from MSCs (Hung et al., 2004; Tsai et al.,

2010), had stem-like properties and possessed a longer life span in

culture, so these cells were used to reach the desired cell number for all of

the biochemical experiments. Lipofectamine 2000 was used for

transfection. For all experiments, cells were seeded on 10 mg/ml

fibronectin-coated coverslips or plates.

Plasmids and reagents
To derive the GFP–C1-GEF-H1 (with shRNA resistance), full-length

GEF-H1 cDNA was PCR amplified from the template pCMV5-EGFP-

GEF-H1, and cloned into pGFP-C1 (Clontech) (HindIII/KpnI). Site-

directed mutagenesis was then carried out to mutate two nucleotides of

GEF-H1 (without altering the amino acid sequence) on the target

sequence of GEF-H1 shRNA. For GFP–C1-GEF-H1_DH(m) (with

shRNA resistance), amino acids 1–235 and 429–985 of GEF-H1 were

amplified, and cloned into pGFP-C1 (HindIII/KpnI/NcoI). Site-directed

mutagenesis was again used to generate the pGFP-GEF-H1_DH(m) (with

shRNA resistance) for all the experiments. For pLKO-AS3W-GEF-H1

and pLKO-AS3W-GEF-H1_DH(m), GEF-H1 and GEF-H1_DH(m) were

amplified from pGFP-C1-GEF-H1 (with shRNA resistance) and pGFP-

C1-GEF-H1_DH(m) (with shRNA resistance), respectively, and cloned

into the pLKO-AS3W (National RNAi Core Facility Platform) (NheI/

EcoRI). Dexamethasone and nocodazole were from Sigma, and taxol was

from Millipore. Details of siRNA, shRNA and primer sequences, and the

antibodies for western blotting and immunofluorescence are given in

supplementary material Table S4.

Immunofluorescence staining and image analysis
Immunofluorescence analyses were carried out as described previously

(Betapudi et al., 2006). The relative abundance of NMIIB, GEF-H1, and

paxillin in FAs was determined using Metamorph, as described previously

(Kuo et al., 2011). The orientation of the stress fibers was determined in a

similar manner to that described previously (Karlon et al., 1999) using an

automated image analysis algorithm written in MATLAB.

Fluorescence recovery after photobleaching
MSCs transiently expressed mApple–paxillin, to visualize FAs, and GFP–

GEF-H1 or GFP–NMIIB. FRAP of GFP-tagged proteins was performed

using a 10061.49NA Plan objective lens on the iLas multi-modal of TIRF

(Roper)/spinning disk confocal (CSUX1, Yokogawa) microscope system.

The 488-nm laser was used to photobleach the spot onto a single

fluorescent FA. Images were acquired at intervals of 1 s before and after

photobleaching using a Coolsnap HQ2 CCD (Photometrics). Image

frequency was adjusted depending on the fluorescence photobleaching

recovery rate of the GFP-tagged protein being imaged.

Microscopy
Images were obtained using an iLas multi-modal of TIRF (Roper)/

spinning disk confocal (CSUX1, Yokogawa) microscope system

equipped with 406 0.75NA, 606 1.40NA or 1006 1.49NA Plan

objective lenses (Nikon). Confocal images were captured using an

EMCCD (ProEM, Princeton); TIRF images were obtained using 606
1.40NA or 1006 1.49NA Plan objective lens with an ,100-nm

evanescent field depth on a Coolsnap HQ2 CCD (Photometrics).

Measurement of cell stiffness by AFM indentation
Cells were plated at the density of 36103 cells/cm2, exposed to OIM for

48 h, and the stiffness of a cell was measured with the BioCell device

(JPK Instruments, Berlin, Germany) (Chiou et al., 2013) on the JPK

NanoWizard II AFM system (Costa, 2004; Li et al., 2008).

MSC differentiation
The protocol of MSC differentiation was carried out as described previously

(Yu et al., 2011). Only early passage MSCs were used for experimental

studies. The osteogenesis induction medium (OIM) contained 0.1 mM Dex,

10 mM b-glycerolphosphate, 50 mM ascorbic acid-2-phosphate in control

medium (DMEM containing 10% FBS). The adipogenesis induction

medium (AIM) contained 1 mM Dex, 0.5 mM methtlisobutylxathine,

200 mM indomethacin, 10 mg/ml insulin in control medium (DMEM

containing 10% FBS). Mixed differentiation medium contained 1:1

OIM:AIM (Kilian et al., 2010; McBeath et al., 2004).
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MSC staining
The protocol of MSC staining was carried out as described previously

(McBeath et al., 2004). Cells were fixed in 4% paraformaldehyde, rinsed

in PBS and then stained with Fast BCIP/NBT (Sigma) for the activity of

alkaline phosphatase (ALP). To stain lipid, cells were rinsed in 60%

isopropanol, stained with 30 mg/ml Oil Red O (Sigma) in 60%

isopropanol, and rinsed in PBS. Cells were then stained with Hoechst

33342 in PBS to obtain the total cell count. Cells were photographed and

counted using a Nikon Eclipse TE200.

Statistical analysis
Statistical significance was measured by a two-tailed Student’s t-test.
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and analyzed the data; J.C.d.Á., Z.-F.C., M.-J.T. and K.-H.K. contributed reagents
and materials; J-.C.K. designed the experiments and wrote the manuscript; RFS
edited the manuscript.

Funding
J.C.K. is supported by research grants from the Taiwan Ministry of Science and
Technology [grant numbers MOST 101-2628-B-010-003-MY3, MOST 103-2628-
B-010-003-MY4]; the UST-UCSD International Center of Excellence in Advanced
Bio-engineering sponsored by the Taiwan Ministry of Science and Technology I-
RICE Program [grant number MOST 100-2911-I-009-101]; the Yen Tjing Ling
Medical Foundation; and the Ministry of Education’s ‘Aim for the Top University
Plan’. Deposited in PMC for immediate release.

Supplementary material
Supplementary material available online at
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150227/-/DC1

References
Betapudi, V., Licate, L. S. and Egelhoff, T. T. (2006). Distinct roles of nonmuscle
myosin II isoforms in the regulation of MDA-MB-231 breast cancer cell
spreading and migration. Cancer Res. 66, 4725-4733.

Bishop, A. L. and Hall, A. (2000). Rho GTPases and their effector proteins.
Biochem. J. 348, 241-255.

Brooke, G., Cook, M., Blair, C., Han, R., Heazlewood, C., Jones, B.,
Kambouris, M., Kollar, K., McTaggart, S., Pelekanos, R. et al. (2007).
Therapeutic applications of mesenchymal stromal cells. Semin. Cell Dev. Biol.
18, 846-858.

Bulinski, J. C., Odde, D. J., Howell, B. J., Salmon, T. D. and Waterman-Storer,
C. M. (2001). Rapid dynamics of the microtubule binding of ensconsin in vivo.
J. Cell Sci. 114, 3885-3897.

Burridge, K., Fath, K., Kelly, T., Nuckolls, G. and Turner, C. (1988). Focal
adhesions: transmembrane junctions between the extracellular matrix and the
cytoskeleton. Annu. Rev. Cell Biol. 4, 487-525.

Caplan, A. I. (1991). Mesenchymal stem cells. J. Orthop. Res. 9, 641-650.
Chang, Y. C., Nalbant, P., Birkenfeld, J., Chang, Z. F. and Bokoch, G. M.
(2008). GEF-H1 couples nocodazole-induced microtubule disassembly to cell
contractility via RhoA. Mol. Biol. Cell 19, 2147-2153.

Chen, Z., Wang, X., Shao, Y., Shi, D., Chen, T., Cui, D. and Jiang, X. (2011).
Synthetic osteogenic growth peptide promotes differentiation of human bone
marrow mesenchymal stem cells to osteoblasts via RhoA/ROCK pathway. Mol.
Cell. Biochem. 358, 221-227.

Chiou, Y. W., Lin, H. K., Tang, M. J., Lin, H. H. and Yeh, M. L. (2013). The
influence of physical and physiological cues on atomic force microscopy-based
cell stiffness assessment. PLoS ONE 8, e77384.

Chrzanowska-Wodnicka, M. and Burridge, K. (1996). Rho-stimulated
contractility drives the formation of stress fibers and focal adhesions. J. Cell
Biol. 133, 1403-1415.

Costa, K. D. (2004). Single-cell elastography: probing for disease with the atomic
force microscope. Dis. Markers 19, 139-154.

del Alamo, J. C., Norwich, G. N., Li, Y. S., Lasheras, J. C. and Chien, S. (2008).
Anisotropic rheology and directional mechanotransduction in vascular
endothelial cells. Proc. Natl. Acad. Sci. USA 105, 15411-15416.

Deng, J., Petersen, B. E., Steindler, D. A., Jorgensen, M. L. and Laywell,
E. D. (2006). Mesenchymal stem cells spontaneously express neural
proteins in culture and are neurogenic after transplantation. Stem Cells 24,
1054-1064.

Engler, A. J., Sen, S., Sweeney, H. L. and Discher, D. E. (2006). Matrix elasticity
directs stem cell lineage specification. Cell 126, 677-689.

Enomoto, T. (1996). Microtubule disruption induces the formation of actin stress
fibers and focal adhesions in cultured cells: possible involvement of the rho
signal cascade. Cell Struct. Funct. 21, 317-326.

Friedenstein, A. J. (1976). Precursor cells of mechanocytes. Int. Rev. Cytol. 47,
327-359.

Fu, J., Wang, Y. K., Yang, M. T., Desai, R. A., Yu, X., Liu, Z. and Chen, C. S.
(2010). Mechanical regulation of cell function with geometrically modulated
elastomeric substrates. Nat. Methods 7, 733-736.

Grosheva, I., Vittitow, J. L., Goichberg, P., Gabelt, B. T., Kaufman, P. L.,
Borrás, T., Geiger, B. and Bershadsky, A. D. (2006). Caldesmon effects on the
actin cytoskeleton and cell adhesion in cultured HTM cells. Exp. Eye Res. 82,
945-958.

Guilak, F., Cohen, D. M., Estes, B. T., Gimble, J. M., Liedtke, W. and Chen,
C. S. (2009). Control of stem cell fate by physical interactions with the
extracellular matrix. Cell Stem Cell 5, 17-26.

Guilluy, C., Swaminathan, V., Garcia-Mata, R., O’Brien, E. T., Superfine, R. and
Burridge, K. (2011). The Rho GEFs LARG and GEF-H1 regulate the
mechanical response to force on integrins. Nat. Cell Biol. 13, 722-727.

Hofstetter, C. P., Schwarz, E. J., Hess, D., Widenfalk, J., El Manira, A.,
Prockop, D. J. and Olson, L. (2002). Marrow stromal cells form guiding strands
in the injured spinal cord and promote recovery. Proc. Natl. Acad. Sci. USA 99,
2199-2204.

Horwitz, E. M., Le Blanc, K., Dominici, M., Mueller, I., Slaper-Cortenbach, I.,
Marini, F. C., Deans, R. J., Krause, D. S., Keating, A.; International Society
for Cellular Therapy (2005). Clarification of the nomenclature for MSC: The
International Society for Cellular Therapy position statement. Cytotherapy 7,
393-395.

Hung, S. C., Yang, D. M., Chang, C. F., Lin, R. J., Wang, J. S., Low-Tone Ho, L.
and Yang, W. K. (2004). Immortalization without neoplastic transformation of
human mesenchymal stem cells by transduction with HPV16 E6/E7 genes. Int.
J. Cancer 110, 313-319.
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Lasheras, J. C. and Chien, S. (2013). Shp2 plays a crucial role in cell structural
orientation and force polarity in response to matrix rigidity. Proc. Natl. Acad. Sci.
USA 110, 2840-2845.

Lele, T. P. and Ingber, D. E. (2006). A mathematical model to determine molecular
kinetic rate constants under non-steady state conditions using fluorescence
recovery after photobleaching (FRAP). Biophys. Chem. 120, 32-35.

Li, Q. S., Lee, G. Y., Ong, C. N. and Lim, C. T. (2008). AFM indentation study of
breast cancer cells. Biochem. Biophys. Res. Commun. 374, 609-613.

RESEARCH ARTICLE Journal of Cell Science (2014) 127, 4186–4200 doi:10.1242/jcs.150227

4199

http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.150227/-/DC1
http://dx.doi.org/10.1158/0008-5472.CAN-05-4236
http://dx.doi.org/10.1158/0008-5472.CAN-05-4236
http://dx.doi.org/10.1158/0008-5472.CAN-05-4236
http://dx.doi.org/10.1042/0264-6021:3480241
http://dx.doi.org/10.1042/0264-6021:3480241
http://dx.doi.org/10.1016/j.semcdb.2007.09.012
http://dx.doi.org/10.1016/j.semcdb.2007.09.012
http://dx.doi.org/10.1016/j.semcdb.2007.09.012
http://dx.doi.org/10.1016/j.semcdb.2007.09.012
http://dx.doi.org/10.1146/annurev.cb.04.110188.002415
http://dx.doi.org/10.1146/annurev.cb.04.110188.002415
http://dx.doi.org/10.1146/annurev.cb.04.110188.002415
http://dx.doi.org/10.1002/jor.1100090504
http://dx.doi.org/10.1091/mbc.E07-12-1269
http://dx.doi.org/10.1091/mbc.E07-12-1269
http://dx.doi.org/10.1091/mbc.E07-12-1269
http://dx.doi.org/10.1007/s11010-011-0938-7
http://dx.doi.org/10.1007/s11010-011-0938-7
http://dx.doi.org/10.1007/s11010-011-0938-7
http://dx.doi.org/10.1007/s11010-011-0938-7
http://dx.doi.org/10.1371/journal.pone.0077384
http://dx.doi.org/10.1371/journal.pone.0077384
http://dx.doi.org/10.1371/journal.pone.0077384
http://dx.doi.org/10.1083/jcb.133.6.1403
http://dx.doi.org/10.1083/jcb.133.6.1403
http://dx.doi.org/10.1083/jcb.133.6.1403
http://dx.doi.org/10.1155/2004/482680
http://dx.doi.org/10.1155/2004/482680
http://dx.doi.org/10.1073/pnas.0804573105
http://dx.doi.org/10.1073/pnas.0804573105
http://dx.doi.org/10.1073/pnas.0804573105
http://dx.doi.org/10.1634/stemcells.2005-0370
http://dx.doi.org/10.1634/stemcells.2005-0370
http://dx.doi.org/10.1634/stemcells.2005-0370
http://dx.doi.org/10.1634/stemcells.2005-0370
http://dx.doi.org/10.1016/j.cell.2006.06.044
http://dx.doi.org/10.1016/j.cell.2006.06.044
http://dx.doi.org/10.1247/csf.21.317
http://dx.doi.org/10.1247/csf.21.317
http://dx.doi.org/10.1247/csf.21.317
http://dx.doi.org/10.1016/S0074-7696(08)60092-3
http://dx.doi.org/10.1016/S0074-7696(08)60092-3
http://dx.doi.org/10.1038/nmeth.1487
http://dx.doi.org/10.1038/nmeth.1487
http://dx.doi.org/10.1038/nmeth.1487
http://dx.doi.org/10.1016/j.exer.2006.01.006
http://dx.doi.org/10.1016/j.exer.2006.01.006
http://dx.doi.org/10.1016/j.exer.2006.01.006
http://dx.doi.org/10.1016/j.exer.2006.01.006
http://dx.doi.org/10.1016/j.stem.2009.06.016
http://dx.doi.org/10.1016/j.stem.2009.06.016
http://dx.doi.org/10.1016/j.stem.2009.06.016
http://dx.doi.org/10.1038/ncb2254
http://dx.doi.org/10.1038/ncb2254
http://dx.doi.org/10.1038/ncb2254
http://dx.doi.org/10.1073/pnas.042678299
http://dx.doi.org/10.1073/pnas.042678299
http://dx.doi.org/10.1073/pnas.042678299
http://dx.doi.org/10.1073/pnas.042678299
http://dx.doi.org/10.1080/14653240500319234
http://dx.doi.org/10.1080/14653240500319234
http://dx.doi.org/10.1080/14653240500319234
http://dx.doi.org/10.1080/14653240500319234
http://dx.doi.org/10.1080/14653240500319234
http://dx.doi.org/10.1002/ijc.20126
http://dx.doi.org/10.1002/ijc.20126
http://dx.doi.org/10.1002/ijc.20126
http://dx.doi.org/10.1002/ijc.20126
http://dx.doi.org/10.1073/pnas.1207326109
http://dx.doi.org/10.1073/pnas.1207326109
http://dx.doi.org/10.1073/pnas.1207326109
http://dx.doi.org/10.1073/pnas.1207326109
http://dx.doi.org/10.1016/S0092-8674(02)00971-6
http://dx.doi.org/10.1016/S0092-8674(02)00971-6
http://dx.doi.org/10.1146/annurev.cb.11.110195.002115
http://dx.doi.org/10.1146/annurev.cb.11.110195.002115
http://dx.doi.org/10.1146/annurev.cb.11.110195.002115
http://dx.doi.org/10.1146/annurev.cb.11.110195.002115
http://dx.doi.org/10.1114/1.226
http://dx.doi.org/10.1114/1.226
http://dx.doi.org/10.1114/1.226
http://dx.doi.org/10.1073/pnas.0506041102
http://dx.doi.org/10.1073/pnas.0506041102
http://dx.doi.org/10.1073/pnas.0506041102
http://dx.doi.org/10.1073/pnas.0903269107
http://dx.doi.org/10.1073/pnas.0903269107
http://dx.doi.org/10.1073/pnas.0903269107
http://dx.doi.org/10.1073/pnas.0408239102
http://dx.doi.org/10.1073/pnas.0408239102
http://dx.doi.org/10.1073/pnas.0408239102
http://dx.doi.org/10.1073/pnas.0408239102
http://dx.doi.org/10.1038/ncb773
http://dx.doi.org/10.1038/ncb773
http://dx.doi.org/10.1038/ncb773
http://dx.doi.org/10.1111/jcmm.12054
http://dx.doi.org/10.1111/jcmm.12054
http://dx.doi.org/10.1038/ncb2216
http://dx.doi.org/10.1038/ncb2216
http://dx.doi.org/10.1038/ncb2216
http://dx.doi.org/10.1038/ncb2216
http://dx.doi.org/10.1007/978-1-61779-166-6_19
http://dx.doi.org/10.1007/978-1-61779-166-6_19
http://dx.doi.org/10.1007/978-1-61779-166-6_19
http://dx.doi.org/10.1083/jcb.201003057
http://dx.doi.org/10.1083/jcb.201003057
http://dx.doi.org/10.1083/jcb.201003057
http://dx.doi.org/10.1083/jcb.201003057
http://dx.doi.org/10.1073/pnas.1222164110
http://dx.doi.org/10.1073/pnas.1222164110
http://dx.doi.org/10.1073/pnas.1222164110
http://dx.doi.org/10.1073/pnas.1222164110
http://dx.doi.org/10.1016/j.bpc.2005.10.007
http://dx.doi.org/10.1016/j.bpc.2005.10.007
http://dx.doi.org/10.1016/j.bpc.2005.10.007
http://dx.doi.org/10.1016/j.bbrc.2008.07.078
http://dx.doi.org/10.1016/j.bbrc.2008.07.078


Jo
ur

na
l o

f C
el

l S
ci

en
ce

McBeath, R., Pirone, D. M., Nelson, C. M., Bhadriraju, K. and Chen, C. S.
(2004). Cell shape, cytoskeletal tension, and RhoA regulate stem cell lineage
commitment. Dev. Cell 6, 483-495.

Mikami, Y., Lee, M., Irie, S. and Honda, M. J. (2011). Dexamethasone modulates
osteogenesis and adipogenesis with regulation of osterix expression in rat
calvaria-derived cells. J. Cell. Physiol. 226, 739-748.

Müller, P., Langenbach, A., Kaminski, A. and Rychly, J. (2013). Modulating the
actin cytoskeleton affects mechanically induced signal transduction and
differentiation in mesenchymal stem cells. PLoS ONE 8, e71283.

Oshina, H., Sotome, S., Yoshii, T., Torigoe, I., Sugata, Y., Maehara, H.,
Marukawa, E., Omura, K. and Shinomiya, K. (2007). Effects of continuous
dexamethasone treatment on differentiation capabilities of bone marrow-derived
mesenchymal cells. Bone 41, 575-583.

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca,
J. D., Moorman, M. A., Simonetti, D. W., Craig, S. and Marshak, D. R. (1999).
Multilineage potential of adult human mesenchymal stem cells. Science 284,
143-147.

Pletjushkina, O. J., Belkin, A. M., Ivanova, O. J., Oliver, T., Vasiliev, J. M. and
Jacobson, K. (1998). Maturation of cell-substratum focal adhesions induced by
depolymerization of microtubules is mediated by increased cortical tension. Cell
Adhes. Commun. 5, 121-135.

Raab, M., Swift, J., Dingal, P. C., Shah, P., Shin, J. W. and Discher, D. E.
(2012). Crawling from soft to stiff matrix polarizes the cytoskeleton and
phosphoregulates myosin-II heavy chain. J. Cell Biol. 199, 669-683.

Ren, Y., Li, R., Zheng, Y. and Busch, H. (1998). Cloning and characterization of
GEF-H1, a microtubule-associated guanine nucleotide exchange factor for Rac
and Rho GTPases. J. Biol. Chem. 273, 34954-34960.

Ridley, A. J. and Hall, A. (1992). The small GTP-binding protein rho regulates the
assembly of focal adhesions and actin stress fibers in response to growth
factors. Cell 70, 389-399.

Riveline, D., Zamir, E., Balaban, N. Q., Schwarz, U. S., Ishizaki, T., Narumiya,
S., Kam, Z., Geiger, B. and Bershadsky, A. D. (2001). Focal contacts as
mechanosensors: externally applied local mechanical force induces growth of
focal contacts by an mDia1-dependent and ROCK-independent mechanism.
J. Cell Biol. 153, 1175-1186.
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Huang_Supplemental figure legends 

 

Fig. S1. Effects of microtubule stabilization on Dex-induced stress fiber formation and FA 

maturation.  

(A) Serum-starved MSCs treated with ethanol (control) or Dex (0.1M, 6h) were immunostained 

with FITC-phalloidin, to localize F-actin (green), and paxillin, to localize FAs (red). Bar, 20 m. 

(B) The number of segmented paxillin-marked FAs of MSCs, as described in (A). Data are 

mean±s.e.m (Con, n=25 cells; Dex, n=22 cells). ***p<0.0001 (compared with control). (C) Size 

distribution of segmented paxillin-marked FAs of MSCs, as described in (A). Data are 

mean±s.e.m. (Control, n=25 cells/2354 FAs; Dex, n=22 cells/3440 FAs). *p<0.05; **p<0.005; 

***p<0.0001 (compared with control). (D) Serum-starved MSCs treated with Dex (0.1M) and 

taxol (20M) for 6h were immunostained with FITC-phalloidin, to localize F-actin (green), and 

paxillin, to localize FAs (red). Bar, 20 m. 

  

Fig. S2. A quantitative proteomic workflow for the GEF-H1-regulated FA proteome. 

(A) Flow diagram of the procedure to isolate and prepare FAs from non-silencing and GEF-H1-

silencing MSC-3A6 cells for protein identification by proteomic analysis, and for calculating the 

changes in abundance of identified proteins in FAs in response to GEF-H1 expression. In detail, 

Serum-starved non-silencing and GEF-H1-silencing MSC-3A6 cells were treated with Dex 

(0.1M) for 6h. FAs were then isolated, collected, precipitated, solubilized, reduced, alkylated, 

and trypsin digested. The resulting peptides were analyzed by one-dimensional LC-MS/MS. 

Tandem mass spectra were generated and searched against those peptides derived from proteins 

in a human protein database using the MASCOT program. Each protein was identified by one or 

more peptides, with the false positive identification rate set at ≤ 1%. To derive the reproducible 

lists from non-silencing and GEF-H1-silencing FA fractions, only proteins that were 

reproducibly identified at least two out of five replicate runs (five independent experimental runs 

for each condition) were included. To quantify the relative levels of individual FA protein 

isolated from non-silencing and GEF-H1-silencing MSC-3A6 cells and assemble the GEF-H1-

modulated FA proteome, the spectrum counts of individual protein (the number of peptides 

matched to each identified protein during mass spectrometric database search) was used as a 

rough estimate of the abundance of that protein in a complex mixture. Before further calculation, 
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the raw spectrum count of each protein was normalized to correct the variations between 

experimental runs and experimental conditions. To correct for run-to-run variation, the raw 

spectrum count of a protein was divided by the total spectrum count of the run and multiplied by 

1000 to obtain a readable number. Subsequently, variation resulting from sample preparation due 

to experimental conditions (isolated FA fractions of non-silencing versus GEF-H1-silencing 

MSC-3A6 cells) was normalized with the spectrum counts of an internal control, paxillin. Finally, 

the ratio of protein abundance (normalized non-silencing spectrum counts/normalized GEF-H1-

silencing spectrum counts) was calculated to represent the relative abundance of each protein in 

FAs, and to form the GEF-H1-modulated FA proteome. Bottom inset: western blot of paxillin 

abundance in FAs isolated from non-silencing and GEF-H1-silencing MSC-3A6 cells treated 

with Dex (0.1M, 6h). Fold enrichment (fold) of paxillin in isolated FAs was determined by 

western blotting (equal total protein loaded). Data are mean±s.e.m (n=3 experiments). (B) Pie 

diagrams showing the percentage of proteins in six categories. In non-silencing FAs, the 

reproducibly identified proteins (321 proteins) were categorized: focal adhesion (49 proteins; 

15%), cytoskeleton (66 proteins; 21%), extracellular matrix (20 proteins; 6%), plasma membrane 

(97 proteins; 30%), cytoplasm (77 proteins; 24%), and uncharacterized (12 proteins; 4%). In 

GEF-H1-silencing FAs, the reproducibly identified proteins (250 proteins) were categorized: 

focal adhesion (40 proteins; 16%), cytoskeleton (49 proteins; 20%), extracellular matrix (18 

proteins; 7%), plasma membrane (69 proteins; 28%), cytoplasm (66 proteins; 26%) or 

uncharacterized (8 proteins; 3%).  

 

Fig. S3. Collective modulation by GEF-H1 of the FA-associated abundant proteins in 

biological pathways.  

Greater than two-fold difference in protein abundance (ratio of protein abundance < 0.5 or > 2) 

was considered significant. Proteins with white boxes were not detected. The detected proteins 

were represented by color-coded boxes based on the magnitude of the ratio. The scale was 

indicated at the bottom. (A) GEF-H1 promotes the recruitment of proteins that serve as positive 

regulators of actin mechanics, but reduces the recruitment of negative regulators in actin 

mechanics. (B) GEF-H1 mediates the enrichment of GEF-H1-interacting proteins in FAs. (C) 

GEF-H1 regulates FA enrichment of proteins in the signaling pathway of RhoA-mediated 

actomyosin contractility. 
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Fig. S4. GEF-H1 mediates the recruitment of NMIIB in FAs under osteogenic induction 

condition. 

(A) Cell lysate from non-silencing and GEF-H1-silencing MSCs expressing pLKO-vector 

(mock), pLKO-GEF-H1, or pLKO-GEF-H1_DH(m) were analyzed by western blotting. (B) Cell 

lysate from non-silencing, NMIIB-silencing, and GEF-H1/NMIIB-silencing MSCs were 

analyzed by western blotting. (C) TIRF microscopy images of immunolocalized paxillin (red) 

and NMIIB (green) in non-silencing and GEF-H1-silencing MSCs expressing pLKO-vector 

(mock), pLKO-GEF-H1, or pLKO-GEF-H1_DH(m) and treated with OIM for 48h. Bar, 20 m. 

The 20 m x 20 m area indicated in the top images are magnified in the images below. (D) 

Ratio of average density (intensity per m2) of paxillin or NMIIB within segmented FAs of non-

silencing MSCs relative to GEF-H1-silencing MSCs expressing mock (a), GEF-H1-silencing 

MSCs expressing pLKO-GEF-H1 relative to mock (b) or GEF-H1-silencing MSCs expressing 

pLKO-GEF-H1_DH(m) relative to mock (c) (n=10 cells for each condition). Data are 

mean±s.e.m. *p<0.05, **p<0.005. 
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Table S1: Categorization of proteins reproducibly identified from non-silencing 

MSC-3A6 cells. 

Cellular Component Gene Name Entry Name Common Protein Name 

focal adhesion ACTB ACTB Actin, cytoplasmic 1  

focal adhesion ACTN1 ACTN1 Alpha-actinin-1  

focal adhesion CFL1 COF1 Cofilin-1  

focal adhesion CSRP1 CSRP1 Cysteine and glycine-rich protein 1  

focal adhesion CTTN SRC8 Src substrate cortactin  

focal adhesion ENAH ENAH Protein enabled homolog  

focal adhesion EPHA2 EPHA2 Ephrin type-A receptor 2  

focal adhesion EZR EZRI Ezrin  

focal adhesion FBLIM1 FBLI1 Filamin-binding LIM protein 1  

focal adhesion FERMT2 FERM2 Fermitin family homolog 2  

focal adhesion FHL2 FHL2 Four and a half LIM domains protein 2  

focal adhesion FLNA FLNA Filamin-A  

focal adhesion HRAS RASH GTPase HRas  

focal adhesion HSPB1 HSPB1 Heat shock protein beta-1  

focal adhesion ILK ILK Integrin-linked protein kinase  

focal adhesion ITGA2 ITA2 Integrin alpha-2  

focal adhesion ITGA3 ITA3 Integrin alpha-3  

focal adhesion ITGA5 ITA5 Integrin alpha-5  

focal adhesion ITGA6 ITA6 Integrin alpha-6  

focal adhesion ITGA7 ITA7 Integrin alpha-7  

focal adhesion ITGAV ITAV Integrin alpha-V  

focal adhesion ITGB1 ITB1 Integrin beta-1  

focal adhesion ITGB5 ITB5 Integrin beta-5  

focal adhesion LASP1 LASP1 LIM and SH3 domain protein 1  

focal adhesion LIMD1 LIMD1 LIM domain-containing protein 1  

focal adhesion LIMS2 LIMS2 LIM and senescent cell antigen-like-containing domain protein 2  

focal adhesion LPP LPP Lipoma-preferred partner  

focal adhesion LRP1 LRP1 Prolow-density lipoprotein receptor-related protein 1  

focal adhesion MACF1 MACF1 Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5  

focal adhesion MARCKS MARCS Myristoylated alanine-rich C-kinase substrate  

focal adhesion MSN MOES Moesin  

focal adhesion NEXN NEXN Nexilin  
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focal adhesion PALLD PALLD Palladin  

focal adhesion PDLIM2 PDLI2 PDZ and LIM domain protein 2  

focal adhesion PFN1 PROF1 Profilin-1  

focal adhesion PLEC PLEC Plectin  

focal adhesion PRNP PRIO Major prion protein  

focal adhesion PVR PVR Poliovirus receptor  

focal adhesion PXN PAXI Paxillin  

focal adhesion RAC1 RAC1 Ras-related C3 botulinum toxin substrate 1  

focal adhesion TENC1 TENC1 Tensin-like C1 domain-containing phosphatase  

focal adhesion TGFB1I1 TGFI1 Transforming growth factor beta-1-induced transcript 1 protein  

focal adhesion TLN1 TLN1 Talin-1  

focal adhesion TNS1 TENS1 Tensin-1  

focal adhesion TRIP6 TRIP6 Thyroid receptor-interacting protein 6  

focal adhesion VASP VASP Vasodilator-stimulated phosphoprotein  

focal adhesion VCL VINC Vinculin  

focal adhesion VIM VIME Vimentin  

focal adhesion ZYX ZYX Zyxin  

cytoskeleton ACTN4 ACTN4 Alpha-actinin-4  

cytoskeleton ADD1 ADDA Alpha-adducin  

cytoskeleton AGRN AGRIN Agrin  

cytoskeleton AKAP12 AKA12 A-kinase anchor protein 12  

cytoskeleton ALDOA ALDOA Fructose-bisphosphate aldolase A  

cytoskeleton ARHGEF2 ARHG2 Rho guanine nucleotide exchange factor 2  

cytoskeleton ARPC5 ARPC5 Actin-related protein 2/3 complex subunit 5  

cytoskeleton BASP1 BASP1 Brain acid soluble protein 1  

cytoskeleton CALD1 CALD1 Caldesmon  

cytoskeleton CALM1 CALM Calmodulin  

cytoskeleton CDC42EP3 BORG2 Cdc42 effector protein 3  

cytoskeleton CEP170 CE170 Centrosomal protein of 170 kDa  

cytoskeleton CFL2 COF2 Cofilin-2  

cytoskeleton CKAP4 CKAP4 Cytoskeleton-associated protein 4  

cytoskeleton CNN2 CNN2 Calponin-2  

cytoskeleton CNN3 CNN3 Calponin-3  

cytoskeleton CNP CN37 2',3'-cyclic-nucleotide 3'-phosphodiesterase  

cytoskeleton CORO1C COR1C Coronin-1C  

cytoskeleton CSRP2 CSRP2 Cysteine and glycine-rich protein 2  

cytoskeleton DBN1 DREB Drebrin  
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cytoskeleton DBNL DBNL Drebrin-like protein  

cytoskeleton DSTN DEST Destrin  

cytoskeleton FKBP4 FKBP4 Peptidyl-prolyl cis-trans isomerase FKBP4  

cytoskeleton FLNB FLNB Filamin-B  

cytoskeleton FLNC FLNC Filamin-C  

cytoskeleton FLOT1 FLOT1 Flotillin-1  

cytoskeleton GAPDH G3P Glyceraldehyde-3-phosphate dehydrogenase  

cytoskeleton HNRNPA1 ROA1 Heterogeneous nuclear ribonucleoprotein A1  

cytoskeleton INA AINX Alpha-internexin  

cytoskeleton LIMA1 LIMA1 LIM domain and actin-binding protein 1  

cytoskeleton LMNA LMNA Prelamin-A/C  

cytoskeleton MYH10 MYH10 Myosin-10  

cytoskeleton MYH9 MYH9 Myosin-9  

cytoskeleton MYL12A ML12A Myosin regulatory light chain 12A  

cytoskeleton MYL6 MYL6 Myosin light polypeptide 6  

cytoskeleton MYL9 MYL9 Myosin regulatory light polypeptide 9  

cytoskeleton MYO1C MYO1C Unconventional myosin-Ic  

cytosplasm PDIA3 PDIA3 Protein disulfide-isomerase A3  

cytoskeleton PDLIM4 PDLI4 PDZ and LIM domain protein 4  

cytoskeleton PFN2 PROF2 Profilin-2  

cytoskeleton PPP1R12A MYPT1 Protein phosphatase 1 regulatory subunit 12A  

cytoskeleton PPP1R18 PPR18 Phostensin  

cytosplasm PRKCSH GLU2B Glucosidase 2 subunit beta  

cytoskeleton RAI14 RAI14 Ankycorbin  

cytosplasm RRBP1 RRBP1 Ribosome-binding protein 1  

cytoskeleton S100A11 S10AB Protein S100-A11  

cytoskeleton SEPT2 SEPT2 Septin-2  

cytoskeleton SEPT7 SEPT7 Septin-7  

cytoskeleton SEPT9 SEPT9 Septin-9  

cytosplasm SERPINH1 SERPH Serpin H1  

cytoskeleton SNTB2 SNTB2 Beta-2-syntrophin  

cytoskeleton SPTAN1 SPTN1 Spectrin alpha chain, non-erythrocytic 1  

cytoskeleton SPTBN1 SPTB2 Spectrin beta chain, non-erythrocytic 1  

cytoskeleton STMN1 STMN1 Stathmin  

cytoskeleton STOM STOM Erythrocyte band 7 integral membrane protein  

cytoskeleton TAGLN2 TAGL2 Transgelin-2  

cytoskeleton TLN2 TLN2 Talin-2  
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cytoskeleton TMOD3 TMOD3 Tropomodulin-3  

cytoskeleton TPM2 TPM2 Tropomyosin beta chain  

cytoskeleton TPM3 TPM3 Tropomyosin alpha-3 chain  

cytoskeleton TPM4 TPM4 Tropomyosin alpha-4 chain  

cytoskeleton TRIOBP TARA TRIO and F-actin-binding protein  

cytoskeleton TUBA1A TBA1A Tubulin alpha-1A chain  

cytoskeleton TUBB2A TBB2A Tubulin beta-2A chain  

cytoskeleton UACA UACA Uveal autoantigen with coiled-coil domains and ankyrin repeats  

cytoskeleton UTRN UTRO Utrophin  

extracellular matrix ADAMTSL1 ATL1 ADAMTS-like protein 1  

extracellular matrix AHSG FETUA Alpha-2-HS-glycoprotein  

extracellular matrix COL1A1 CO1A1 Collagen alpha-1(I) chain  

extracellular matrix COL1A2 CO1A2 Collagen alpha-2(I) chain  

extracellular matrix COL6A3 CO6A3 Collagen alpha-3(VI) chain  

extracellular matrix EMILIN1 EMIL1 EMILIN-1  

extracellular matrix FBLN1 FBLN1 Fibulin-1  

extracellular matrix FBLN2 FBLN2 Fibulin-2  

extracellular matrix FN1 FINC Fibronectin  

extracellular matrix HAPLN1 HPLN1 Hyaluronan and proteoglycan link protein 1  

extracellular matrix HAPLN3 HPLN3 Hyaluronan and proteoglycan link protein 3  

extracellular matrix LOX LYOX Protein-lysine 6-oxidase  

extracellular matrix LOXL1 LOXL1 Lysyl oxidase homolog 1  

extracellular matrix LTBP2 LTBP2 Latent-transforming growth factor beta-binding protein 2  

extracellular matrix LTBP4 LTBP4 Latent-transforming growth factor beta-binding protein 4  

extracellular matrix MGP MGP Matrix Gla protein  

extracellular matrix PCOLCE PCOC1 Procollagen C-endopeptidase enhancer 1  

extracellular matrix TGFB2 TGFB2 Transforming growth factor beta-2  

extracellular matrix VCAN CSPG2 Versican core protein  

extracellular matrix VTN VTNC Vitronectin  

plasma membrane ADAM9 ADAM9 Disintegrin and metalloproteinase domain-containing protein 9  

plasma membrane ADRM1 ADRM1 Proteasomal ubiquitin receptor ADRM1  

plasma membrane ALCAM CD166 CD166 antigen  

plasma membrane ANXA1 ANXA1 Annexin A1  

plasma membrane ANXA2 ANXA2 Annexin A2  

plasma membrane AP2A1 AP2A1 AP-2 complex subunit alpha-1  

plasma membrane AP2M1 AP2M1 AP-2 complex subunit mu  

plasma membrane APOC3 APOC3 Apolipoprotein C-III  
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plasma membrane APOE APOE Apolipoprotein E  

plasma membrane APOH APOH Beta-2-glycoprotein 1  

plasma membrane APP A4 Amyloid beta A4 protein  

plasma membrane ATP1A1 AT1A1 Sodium/potassium-transporting ATPase subunit alpha-1  

plasma membrane ATP2B4 AT2B4 Plasma membrane calcium-transporting ATPase 4  

plasma membrane ATP5A1 ATPA ATP synthase subunit alpha, mitochondrial  

plasma membrane ATP5O ATPO ATP synthase subunit O, mitochondrial  

plasma membrane BCAM BCAM Basal cell adhesion molecule  

plasma membrane BSG BASI Basigin  

plasma membrane CCDC80 CCD80 Coiled-coil domain-containing protein 80  

plasma membrane CD151 CD151 CD151 antigen  

plasma membrane CD44 CD44 CD44 antigen  

plasma membrane CD55 DAF Complement decay-accelerating factor  

plasma membrane CD59 CD59 CD59 glycoprotein  

plasma membrane CD99 CD99 CD99 antigen  

plasma membrane CDC42EP1 BORG5 Cdc42 effector protein 1  

plasma membrane CDH2 CADH2 Cadherin-2  

plasma membrane CLIC1 CLIC1 Chloride intracellular channel protein 1  

plasma membrane CLTA CLCA Clathrin light chain A  

plasma membrane CSDA DBPA DNA-binding protein A  

plasma membrane CTGF CTGF Connective tissue growth factor  

plasma membrane CTNNA1 CTNA1 Catenin alpha-1  

plasma membrane CTNNB1 CTNB1 Catenin beta-1  

plasma membrane CTNND1 CTND1 Catenin delta-1  

plasma membrane DKK1 DKK1 Dickkopf-related protein 1  

plasma membrane EDIL3 EDIL3 EGF-like repeat and discoidin I-like domain-containing protein 3  

plasma membrane EEF1A1 EF1A1 Elongation factor 1-alpha 1  

plasma membrane EFEMP2 FBLN4 EGF-containing fibulin-like extracellular matrix protein 2  

plasma membrane EGFR EGFR Epidermal growth factor receptor  

plasma membrane EHD1 EHD1 EH domain-containing protein 1  

plasma membrane EHD4 EHD4 EH domain-containing protein 4  

plasma membrane EPB41L2 E41L2 Band 4.1-like protein 2  

plasma membrane EPHB2 EPHB2 Ephrin type-B receptor 2  

plasma membrane EPS15L1 EP15R Epidermal growth factor receptor substrate 15-like 1  

plasma membrane EPS8 EPS8 Epidermal growth factor receptor kinase substrate 8  

plasma membrane ERBB2IP LAP2 Protein LAP2  

plasma membrane ESYT1 ESYT1 Extended synaptotagmin-1  
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plasma membrane F5 FA5 Coagulation factor V  

plasma membrane GNAI2 GNAI2 Guanine nucleotide-binding protein G(i) subunit alpha-2  

plasma membrane GNAI3 GNAI3 Guanine nucleotide-binding protein G(k) subunit alpha  

plasma membrane GNAS GNAS1 Guanine nucleotide-binding protein G(s) subunit alpha isoforms XLas  

plasma membrane GNG12 GBG12 Guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-12  

plasma membrane GSK3B GSK3B Glycogen synthase kinase-3 beta  

plasma membrane HNRNPM HNRPM Heterogeneous nuclear ribonucleoprotein M  

plasma membrane HSPA5 GRP78 78 kDa glucose-regulated protein  

plasma membrane HSPA8 HSP7C Heat shock cognate 71 kDa protein  

plasma membrane HSPA9 GRP75 Stress-70 protein, mitochondrial  

plasma membrane HSPD1 CH60 60 kDa heat shock protein, mitochondrial  

plasma membrane HSPG2 PGBM Basement membrane-specific heparan sulfate proteoglycan core protein  

plasma membrane ICAM1 ICAM1 Intercellular adhesion molecule 1  

plasma membrane IGF2 IGF2 Insulin-like growth factor II  

plasma membrane KIRREL KIRR1 Kin of IRRE-like protein 1  

plasma membrane LGALS1 LEG1 Galectin-1  

plasma membrane LIN7C LIN7C Protein lin-7 homolog C  

plasma membrane MARCKSL1 MRP MARCKS-related protein  

plasma membrane MCAM MUC18 Cell surface glycoprotein MUC18  

plasma membrane MRC2 MRC2 C-type mannose receptor 2  

plasma membrane MYADM MYADM Myeloid-associated differentiation marker  

plasma membrane MYOF MYOF Myoferlin  

plasma membrane NRP1 NRP1 Neuropilin-1  

plasma membrane NUMB NUMB Protein numb homolog  

plasma membrane PIP4K2A PI42A Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha  

plasma membrane PKM KPYM Pyruvate kinase isozymes M1/M2  

plasma membrane PLP2 PLP2 Proteolipid protein 2  

plasma membrane PLSCR3 PLS3 Phospholipid scramblase 3  

plasma membrane PLXNB2 PLXB2 Plexin-B2  

plasma membrane PPFIBP1 LIPB1 Liprin-beta-1  

plasma membrane PRSS12 NETR Neurotrypsin  

plasma membrane PTK7 PTK7 Inactive tyrosine-protein kinase 7  

plasma membrane RAB13 RAB13 Ras-related protein Rab-13  

plasma membrane RFTN1 RFTN1 Raftlin  

plasma membrane RPL7A RL7A 60S ribosomal protein L7a  

plasma membrane SDPR SDPR Serum deprivation-response protein  

plasma membrane SERBP1 PAIRB Plasminogen activator inhibitor 1 RNA-binding protein  
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plasma membrane SERPINE1 PAI1 Plasminogen activator inhibitor 1  

plasma membrane SLC1A5 AAAT Neutral amino acid transporter B(0)  

plasma membrane SLC39A14 S39AE Zinc transporter ZIP14  

plasma membrane SLC7A5 LAT1 Large neutral amino acids transporter small subunit 1  

plasma membrane SNAP29 SNP29 Synaptosomal-associated protein 29  

plasma membrane STEAP3 STEA3 Metalloreductase STEAP3  

plasma membrane STXBP1 STXB1 Syntaxin-binding protein 1  

plasma membrane TFRC TFR1 Transferrin receptor protein 1  

plasma membrane TGFB1 TGFB1 Transforming growth factor beta-1  

plasma membrane THBS1 TSP1 Thrombospondin-1  

plasma membrane TJP2 ZO2 Tight junction protein ZO-2  

plasma membrane TNC TENA Tenascin  

plasma membrane VAMP5 VAMP5 Vesicle-associated membrane protein 5  

plasma membrane VASN VASN Vasorin  

plasma membrane WNT5A WNT5A Protein Wnt-5a  

uncharacterized A6NL28 TPM3L Putative tropomyosin alpha-3 chain-like protein  

uncharacterized ADAM5P ADAM5 Putative disintegrin and metalloproteinase domain-containing protein 5  

uncharacterized AKAP2 AKAP2 A-kinase anchor protein 2  

uncharacterized C16orf55 CP055 Uncharacterized protein C16orf55  

uncharacterized CYR61 CYR61 Protein CYR61  

uncharacterized FAM176B F176B Protein FAM176B  

uncharacterized HBA1 HBA Hemoglobin subunit alpha  

uncharacterized HIST1H4A H4 Histone H4  

uncharacterized HPCA HPCA Neuron-specific calcium-binding protein hippocalcin  

uncharacterized LSM12 LSM12 Protein LSM12 homolog  

uncharacterized PHLDB1 PHLB1 Pleckstrin homology-like domain family B member 1  

uncharacterized PRKCDBP PRDBP Protein kinase C delta-binding protein  

cytoplasm ADAMTS1 ATS1 A disintegrin and metalloproteinase with thrombospondin motifs 1  

cytoplasm ATP5D ATPD ATP synthase subunit delta, mitochondrial  

cytoplasm ATP5I ATP5I ATP synthase subunit e, mitochondrial  

cytoplasm CCDC50 CCD50 Coiled-coil domain-containing protein 50  

cytoplasm CHCHD3 CHCH3 Coiled-coil-helix-coiled-coil-helix domain-containing protein 3, mitochondrial 

cytoplasm CLEC3B TETN Tetranectin  

cytoplasm CLTB CLCB Clathrin light chain B  

cytoplasm CLTC CLH1 Clathrin heavy chain 1  

cytoplasm COX5A COX5A Cytochrome c oxidase subunit 5A, mitochondrial  

cytoplasm DDX3X DDX3X ATP-dependent RNA helicase DDX3X  
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cytoplasm DPYSL2 DPYL2 Dihydropyrimidinase-related protein 2  

cytoplasm DTD1 DTD1 D-tyrosyl-tRNA(Tyr) deacylase 1  

cytoplasm EEF1D EF1D Elongation factor 1-delta  

cytoplasm EEF2 EF2 Elongation factor 2  

cytoplasm EIF2S1 IF2A Eukaryotic translation initiation factor 2 subunit 1  

cytoplasm EIF4H IF4H Eukaryotic translation initiation factor 4H  

cytoplasm ENSA ENSA Alpha-endosulfine  

cytoplasm EPN2 EPN2 Epsin-2  

cytoplasm FH FUMH Fumarate hydratase, mitochondrial  

cytoplasm GAS6 GAS6 Growth arrest-specific protein 6  

cytoplasm GLIPR2 GAPR1 Golgi-associated plant pathogenesis-related protein 1  

cytoplasm HNRNPA2B1 ROA2 Heterogeneous nuclear ribonucleoproteins A2/B1  

cytoplasm HNRNPD HNRPD Heterogeneous nuclear ribonucleoprotein D0  

cytoplasm HTRA1 HTRA1 Serine protease HTRA1  

cytoplasm KANK2 KANK2 KN motif and ankyrin repeat domain-containing protein 2  

cytoplasm KPNB1 IMB1 Importin subunit beta-1  

cytoplasm LMO7 LMO7 LIM domain only protein 7  

cytoplasm MIF MIF Macrophage migration inhibitory factor  

cytoplasm MT1E MT1E Metallothionein-1E  

cytoplasm MT2A MT2 Metallothionein-2  

cytoplasm NACA NACA Nascent polypeptide-associated complex subunit alpha  

cytoplasm NDUFA2 NDUA2 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 2  

cytoplasm NPM1 NPM Nucleophosmin  

cytoplasm PCBP1 PCBP1 Poly(rC)-binding protein 1  

cytoplasm PCMT1 PIMT Protein-L-isoaspartate(D-aspartate) O-methyltransferase  

cytoplasm PGAM1 PGAM1 Phosphoglycerate mutase 1  

cytoplasm PPIA PPIA Peptidyl-prolyl cis-trans isomerase A  

cytoplasm PPIB PPIB Peptidyl-prolyl cis-trans isomerase B  

cytoplasm PRDX1 PRDX1 Peroxiredoxin-1  

cytoplasm PTRF PTRF Polymerase I and transcript release factor  

cytoplasm RAB21 RAB21 Ras-related protein Rab-21  

cytoplasm RPL11 RL11 60S ribosomal protein L11  

cytoplasm RPL12 RL12 60S ribosomal protein L12  

cytoplasm RPL13 RL13 60S ribosomal protein L13  

cytoplasm RPL22 RL22 60S ribosomal protein L22  

cytoplasm RPL23A RL23A 60S ribosomal protein L23a  

cytoplasm RPL29 RL29 60S ribosomal protein L29  
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cytoplasm RPL30 RL30 60S ribosomal protein L30  

cytoplasm RPL35A RL35A 60S ribosomal protein L35a  

cytoplasm RPL5 RL5 60S ribosomal protein L5  

cytoplasm RPL6 RL6 60S ribosomal protein L6  

cytoplasm RPLP1 RLA1 60S acidic ribosomal protein P1  

cytoplasm RPS18 RS18 40S ribosomal protein S18  

cytoplasm RPS19 RS19 40S ribosomal protein S19  

cytoplasm RPS2 RS2 40S ribosomal protein S2  

cytoplasm RPS21 RS21 40S ribosomal protein S21  

cytoplasm RPS25 RS25 40S ribosomal protein S25  

cytoplasm RPS28 RS28 40S ribosomal protein S28  

cytoplasm RPS29 RS29 40S ribosomal protein S29  

cytoplasm RPS3A RS3A 40S ribosomal protein S3a  

cytoplasm RPS6 RS6 40S ribosomal protein S6  

cytoplasm SCAMP3 SCAM3 Secretory carrier-associated membrane protein 3  

cytoplasm SEPT8 SEPT8 Septin-8  

cytoplasm SH3BGRL3 SH3L3 SH3 domain-binding glutamic acid-rich-like protein 3  

cytoplasm SRP14 SRP14 Signal recognition particle 14 kDa protein  

cytoplasm SRP9 SRP09 Signal recognition particle 9 kDa protein  

cytoplasm STX7 STX7 Syntaxin-7  

cytoplasm THSD4 THSD4 Thrombospondin type-1 domain-containing protein 4  

cytoplasm TPI1 TPIS Triosephosphate isomerase  

cytoplasm TUFM EFTU Elongation factor Tu, mitochondrial  

cytoplasm UQCRC1 QCR1 Cytochrome b-c1 complex subunit 1, mitochondrial  

cytoplasm VAT1 VAT1 Synaptic vesicle membrane protein VAT-1 homolog  

cytoplasm VCP TERA Transitional endoplasmic reticulum ATPase  

cytoplasm YBX1 YBOX1 Nuclease-sensitive element-binding protein 1  

cytoplasm YWHAQ 1433T 14-3-3 protein theta  

cytoplasm YWHAZ 1433Z 14-3-3 protein zeta/delta  

cytoplasm ZC3H15 ZC3HF Zinc finger CCCH domain-containing protein 15  
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Table S2: Categorization of proteins reproducibly identified from GEF-H1-silencing 

MSC-3A6 cells. 

Cellular Component Gene Name Entry Name Common Protein Name 

focal adhesion ACTB ACTB Actin, cytoplasmic 1  

focal adhesion ACTN1 ACTN1 Alpha-actinin-1  

focal adhesion CFL1 COF1 Cofilin-1  

focal adhesion CSRP1 CSRP1 Cysteine and glycine-rich protein 1  

focal adhesion CTTN SRC8 Src substrate cortactin  

focal adhesion ENAH ENAH Protein enabled homolog  

focal adhesion EPHA2 EPHA2 Ephrin type-A receptor 2  

focal adhesion EZR EZRI Ezrin  

focal adhesion FHL2 FHL2 Four and a half LIM domains protein 2  

focal adhesion FLNA FLNA Filamin-A  

focal adhesion HRAS RASH GTPase HRas  

focal adhesion HSPB1 HSPB1 Heat shock protein beta-1  

focal adhesion ILK ILK Integrin-linked protein kinase  

focal adhesion ITGA2 ITA2 Integrin alpha-2  

focal adhesion ITGA3 ITA3 Integrin alpha-3  

focal adhesion ITGA5 ITA5 Integrin alpha-5  

focal adhesion ITGA6 ITA6 Integrin alpha-6  

focal adhesion ITGAV ITAV Integrin alpha-V  

focal adhesion ITGB1 ITB1 Integrin beta-1  

focal adhesion ITGB5 ITB5 Integrin beta-5  

focal adhesion LASP1 LASP1 LIM and SH3 domain protein 1  

focal adhesion LIMD1 LIMD1 LIM domain-containing protein 1  

focal adhesion LIMS2 LIMS2 LIM and senescent cell antigen-like-containing domain protein 2  

focal adhesion LRP1 LRP1 Prolow-density lipoprotein receptor-related protein 1  

focal adhesion MARCKS MARCS Myristoylated alanine-rich C-kinase substrate  

focal adhesion MSN MOES Moesin  

focal adhesion NEXN NEXN Nexilin  

focal adhesion PALLD PALLD Palladin  

focal adhesion PDLIM2 PDLI2 PDZ and LIM domain protein 2  

focal adhesion PFN1 PROF1 Profilin-1  

focal adhesion PLEC PLEC Plectin  

focal adhesion PRNP PRIO Major prion protein  

focal adhesion PXN PAXI Paxillin  

focal adhesion TENC1 TENC1 Tensin-like C1 domain-containing phosphatase  
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focal adhesion TLN1 TLN1 Talin-1  

focal adhesion TNS1 TENS1 Tensin-1  

focal adhesion VASP VASP Vasodilator-stimulated phosphoprotein  

focal adhesion VCL VINC Vinculin  

focal adhesion VIM VIME Vimentin  

focal adhesion ZYX ZYX Zyxin  

cytoskeleton ACTN4 ACTN4 Alpha-actinin-4  

cytoskeleton ADD1 ADDA Alpha-adducin  

cytoskeleton AGRN AGRIN Agrin  

cytoskeleton AKAP12 AKA12 A-kinase anchor protein 12  

cytoskeleton ALDOA ALDOA Fructose-bisphosphate aldolase A  

cytoskeleton BASP1 BASP1 Brain acid soluble protein 1  

cytoskeleton CALD1 CALD1 Caldesmon  

cytoskeleton CALM1 CALM Calmodulin  

cytoskeleton CEP170 CE170 Centrosomal protein of 170 kDa  

cytoskeleton CFL2 COF2 Cofilin-2  

cytoskeleton CNN2 CNN2 Calponin-2  

cytoskeleton CNN3 CNN3 Calponin-3  

cytoskeleton CORO1C COR1C Coronin-1C  

cytoskeleton CSRP2 CSRP2 Cysteine and glycine-rich protein 2  

cytoskeleton DBN1 DREB Drebrin  

cytoskeleton DBNL DBNL Drebrin-like protein  

cytoskeleton DSTN DEST Destrin  

cytoskeleton FKBP4 FKBP4 Peptidyl-prolyl cis-trans isomerase FKBP4  

cytoskeleton FLNB FLNB Filamin-B  

cytoskeleton FLNC FLNC Filamin-C  

cytoskeleton FLOT1 FLOT1 Flotillin-1  

cytoskeleton GAPDH G3P Glyceraldehyde-3-phosphate dehydrogenase  

cytoskeleton INA AINX Alpha-internexin  

cytoskeleton LIMA1 LIMA1 LIM domain and actin-binding protein 1  

cytoskeleton LMNA LMNA Prelamin-A/C  

cytoskeleton MYH9 MYH9 Myosin-9  

cytoskeleton MYL12A ML12A Myosin regulatory light chain 12A  

cytoskeleton MYL6 MYL6 Myosin light polypeptide 6  

cytoskeleton MYO1C MYO1C Unconventional myosin-Ic  

cytosplasm PDIA3 PDIA3 Protein disulfide-isomerase A3  

cytoskeleton PPP1R18 PPR18 Phostensin  
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cytosplasm PRKCSH GLU2B Glucosidase 2 subunit beta  

cytosplasm RRBP1 RRBP1 Ribosome-binding protein 1  

cytoskeleton SEPT2 SEPT2 Septin-2  

cytoskeleton SEPT7 SEPT7 Septin-7  

cytoskeleton SEPT9 SEPT9 Septin-9  

cytosplasm SERPINH1 SERPH Serpin H1  

cytoskeleton SPTAN1 SPTN1 Spectrin alpha chain, non-erythrocytic 1  

cytoskeleton SPTBN1 SPTB2 Spectrin beta chain, non-erythrocytic 1  

cytoskeleton STMN1 STMN1 Stathmin  

cytoskeleton STOM STOM Erythrocyte band 7 integral membrane protein  

cytoskeleton TAGLN2 TAGL2 Transgelin-2  

cytoskeleton TPM2 TPM2 Tropomyosin beta chain  

cytoskeleton TPM3 TPM3 Tropomyosin alpha-3 chain  

cytoskeleton TPM4 TPM4 Tropomyosin alpha-4 chain  

cytoskeleton TRIOBP TARA TRIO and F-actin-binding protein  

cytoskeleton TUBA1A TBA1A Tubulin alpha-1A chain  

cytoskeleton TUBB2A TBB2A Tubulin beta-2A chain  

cytoskeleton UTRN UTRO Utrophin  

extracellular matrix ADAMTSL1 ATL1 ADAMTS-like protein 1  

extracellular matrix AHSG FETUA Alpha-2-HS-glycoprotein  

extracellular matrix COL1A1 CO1A1 Collagen alpha-1(I) chain  

extracellular matrix COL1A2 CO1A2 Collagen alpha-2(I) chain  

extracellular matrix COL6A3 CO6A3 Collagen alpha-3(VI) chain  

extracellular matrix EMILIN1 EMIL1 EMILIN-1  

extracellular matrix FBLN1 FBLN1 Fibulin-1  

extracellular matrix FBLN2 FBLN2 Fibulin-2  

extracellular matrix FN1 FINC Fibronectin  

extracellular matrix HAPLN3 HPLN3 Hyaluronan and proteoglycan link protein 3  

extracellular matrix LOX LYOX Protein-lysine 6-oxidase  

extracellular matrix LOXL1 LOXL1 Lysyl oxidase homolog 1  

extracellular matrix LTBP2 LTBP2 Latent-transforming growth factor beta-binding protein 2  

extracellular matrix LTBP4 LTBP4 Latent-transforming growth factor beta-binding protein 4  

extracellular matrix MGP MGP Matrix Gla protein  

extracellular matrix PCOLCE PCOC1 Procollagen C-endopeptidase enhancer 1  

extracellular matrix VCAN CSPG2 Versican core protein  

extracellular matrix VTN VTNC Vitronectin  

plasma membrane ADAM9 ADAM9 Disintegrin and metalloproteinase domain-containing protein 9  
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plasma membrane ALCAM CD166 CD166 antigen  

plasma membrane ANXA1 ANXA1 Annexin A1  

plasma membrane ANXA2 ANXA2 Annexin A2  

plasma membrane AP2A1 AP2A1 AP-2 complex subunit alpha-1  

plasma membrane AP2M1 AP2M1 AP-2 complex subunit mu  

plasma membrane APOC3 APOC3 Apolipoprotein C-III  

plasma membrane APOE APOE Apolipoprotein E  

plasma membrane APP A4 Amyloid beta A4 protein  

plasma membrane ATP1A1 AT1A1 Sodium/potassium-transporting ATPase subunit alpha-1  

plasma membrane ATP2B4 AT2B4 Plasma membrane calcium-transporting ATPase 4  

plasma membrane ATP5A1 ATPA ATP synthase subunit alpha, mitochondrial  

plasma membrane BSG BASI Basigin  

plasma membrane CCDC80 CCD80 Coiled-coil domain-containing protein 80  

plasma membrane CD44 CD44 CD44 antigen  

plasma membrane CDH2 CADH2 Cadherin-2  

plasma membrane CLIC1 CLIC1 Chloride intracellular channel protein 1  

plasma membrane CLTA CLCA Clathrin light chain A  

plasma membrane CSDA DBPA DNA-binding protein A  

plasma membrane CTNNA1 CTNA1 Catenin alpha-1  

plasma membrane CTNNB1 CTNB1 Catenin beta-1  

plasma membrane DKK1 DKK1 Dickkopf-related protein 1  

plasma membrane EDIL3 EDIL3 EGF-like repeat and discoidin I-like domain-containing protein 3  

plasma membrane EEF1A1 EF1A1 Elongation factor 1-alpha 1  

plasma membrane EFEMP2 FBLN4 EGF-containing fibulin-like extracellular matrix protein 2  

plasma membrane ENO1 ENOA Alpha-enolase  

plasma membrane EPB41L2 E41L2 Band 4.1-like protein 2  

plasma membrane EPHB2 EPHB2 Ephrin type-B receptor 2  

plasma membrane EPS8 EPS8 Epidermal growth factor receptor kinase substrate 8  

plasma membrane ESYT1 ESYT1 Extended synaptotagmin-1  

plasma membrane F2 THRB Prothrombin  

plasma membrane F5 FA5 Coagulation factor V  

plasma membrane GNAI2 GNAI2 Guanine nucleotide-binding protein G(i) subunit alpha-2  

plasma membrane GNAI3 GNAI3 Guanine nucleotide-binding protein G(k) subunit alpha  

plasma membrane GNG12 GBG12 Guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-12  

plasma membrane GSK3B GSK3B Glycogen synthase kinase-3 beta  

plasma membrane HNRNPM HNRPM Heterogeneous nuclear ribonucleoprotein M  

plasma membrane HSPA5 GRP78 78 kDa glucose-regulated protein  
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plasma membrane HSPA8 HSP7C Heat shock cognate 71 kDa protein  

plasma membrane HSPA9 GRP75 Stress-70 protein, mitochondrial  

plasma membrane HSPD1 CH60 60 kDa heat shock protein, mitochondrial  

plasma membrane HSPG2 PGBM Basement membrane-specific heparan sulfate proteoglycan core protein  

plasma membrane ICAM1 ICAM1 Intercellular adhesion molecule 1  

plasma membrane IGF2 IGF2 Insulin-like growth factor II  

plasma membrane LGALS1 LEG1 Galectin-1  

plasma membrane LIN7C LIN7C Protein lin-7 homolog C  

plasma membrane MARCKSL1 MRP MARCKS-related protein  

plasma membrane MCAM MUC18 Cell surface glycoprotein MUC18  

plasma membrane MDH2 MDHM Malate dehydrogenase, mitochondrial  

plasma membrane MYADM MYADM Myeloid-associated differentiation marker  

plasma membrane MYOF MYOF Myoferlin  

plasma membrane NRP1 NRP1 Neuropilin-1  

plasma membrane PACSIN3 PACN3 Protein kinase C and casein kinase substrate in neurons protein 3  

plasma membrane PIP4K2A PI42A Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha  

plasma membrane PKM KPYM Pyruvate kinase isozymes M1/M2  

plasma membrane PPFIBP1 LIPB1 Liprin-beta-1  

plasma membrane PTK7 PTK7 Inactive tyrosine-protein kinase 7  

plasma membrane RFTN1 RFTN1 Raftlin  

plasma membrane RPL7A RL7A 60S ribosomal protein L7a  

plasma membrane SDPR SDPR Serum deprivation-response protein  

plasma membrane SERPINE1 PAI1 Plasminogen activator inhibitor 1  

plasma membrane SLC1A5 AAAT Neutral amino acid transporter B(0)  

plasma membrane STXBP1 STXB1 Syntaxin-binding protein 1  

plasma membrane TGFB1 TGFB1 Transforming growth factor beta-1  

plasma membrane THBS1 TSP1 Thrombospondin-1  

plasma membrane TJP2 ZO2 Tight junction protein ZO-2  

plasma membrane TNC TENA Tenascin  

plasma membrane VASN VASN Vasorin  

plasma membrane WNT5A WNT5A Protein Wnt-5a  

uncharacterized A6NL28 TPM3L Putative tropomyosin alpha-3 chain-like protein  

uncharacterized AKAP2 AKAP2 A-kinase anchor protein 2  

uncharacterized CYR61 CYR61 Protein CYR61  

uncharacterized FAM176B F176B Protein FAM176B  

uncharacterized HBA1 HBA Hemoglobin subunit alpha  

uncharacterized HIST1H4A H4 Histone H4  
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uncharacterized HPCA HPCA Neuron-specific calcium-binding protein hippocalcin  

uncharacterized PRKCDBP PRDBP Protein kinase C delta-binding protein  

cytoplasm ADAMTS1 ATS1 A disintegrin and metalloproteinase with thrombospondin motifs 1  

cytoplasm CCDC50 CCD50 Coiled-coil domain-containing protein 50  

cytoplasm CHCHD3 CHCH3 Coiled-coil-helix-coiled-coil-helix domain-containing protein 3, mitochondrial 

cytoplasm CLTB CLCB Clathrin light chain B  

cytoplasm COX5A COX5A Cytochrome c oxidase subunit 5A, mitochondrial  

cytoplasm DPYSL2 DPYL2 Dihydropyrimidinase-related protein 2  

cytoplasm DTD1 DTD1 D-tyrosyl-tRNA(Tyr) deacylase 1  

cytoplasm EEF1B2 EF1B Elongation factor 1-beta  

cytoplasm EEF1D EF1D Elongation factor 1-delta  

cytoplasm EEF2 EF2 Elongation factor 2  

cytoplasm EIF2S1 IF2A Eukaryotic translation initiation factor 2 subunit 1  

cytoplasm EIF4H IF4H Eukaryotic translation initiation factor 4H  

cytoplasm ENSA ENSA Alpha-endosulfine  

cytoplasm EPN2 EPN2 Epsin-2  

cytoplasm FH FUMH Fumarate hydratase, mitochondrial  

cytoplasm GLIPR2 GAPR1 Golgi-associated plant pathogenesis-related protein 1  

cytoplasm HTRA1 HTRA1 Serine protease HTRA1  

cytoplasm KANK2 KANK2 KN motif and ankyrin repeat domain-containing protein 2  

cytoplasm LMO7 LMO7 LIM domain only protein 7  

cytoplasm LSM14A LS14A Protein LSM14 homolog A  

cytoplasm MIF MIF Macrophage migration inhibitory factor  

cytoplasm MT1E MT1E Metallothionein-1E  

cytoplasm NACA NACA Nascent polypeptide-associated complex subunit alpha  

cytoplasm NDUFA2 NDUA2 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 2  

cytoplasm NPM1 NPM Nucleophosmin  

cytoplasm PCBP1 PCBP1 Poly(rC)-binding protein 1  

cytoplasm PCMT1 PIMT Protein-L-isoaspartate(D-aspartate) O-methyltransferase  

cytoplasm PGAM1 PGAM1 Phosphoglycerate mutase 1  

cytoplasm PLS3 PLST Plastin-3  

cytoplasm PPIA PPIA Peptidyl-prolyl cis-trans isomerase A  

cytoplasm PPP1R12C PP12C Protein phosphatase 1 regulatory subunit 12C  

cytoplasm PTRF PTRF Polymerase I and transcript release factor  

cytoplasm RPL11 RL11 60S ribosomal protein L11  

cytoplasm RPL12 RL12 60S ribosomal protein L12  

cytoplasm RPL13 RL13 60S ribosomal protein L13  
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cytoplasm RPL22 RL22 60S ribosomal protein L22  

cytoplasm RPL35A RL35A 60S ribosomal protein L35a  

cytoplasm RPL37A RL37A 60S ribosomal protein L37a  

cytoplasm RPL5 RL5 60S ribosomal protein L5  

cytoplasm RPL9 RL9 60S ribosomal protein L9  

cytoplasm RPLP1 RLA1 60S acidic ribosomal protein P1  

cytoplasm RPS18 RS18 40S ribosomal protein S18  

cytoplasm RPS19 RS19 40S ribosomal protein S19  

cytoplasm RPS2 RS2 40S ribosomal protein S2  

cytoplasm RPS21 RS21 40S ribosomal protein S21  

cytoplasm RPS25 RS25 40S ribosomal protein S25  

cytoplasm RPS29 RS29 40S ribosomal protein S29  

cytoplasm RPS3A RS3A 40S ribosomal protein S3a  

cytoplasm RPS6 RS6 40S ribosomal protein S6  

cytoplasm RPS8 RS8 40S ribosomal protein S8  

cytoplasm SCAMP3 SCAM3 Secretory carrier-associated membrane protein 3  

cytoplasm SEC22B SC22B Vesicle-trafficking protein SEC22b  

cytoplasm SEPT8 SEPT8 Septin-8  

cytoplasm SH3BGRL3 SH3L3 SH3 domain-binding glutamic acid-rich-like protein 3  

cytoplasm SNRPE RUXE Small nuclear ribonucleoprotein E  

cytoplasm SRP14 SRP14 Signal recognition particle 14 kDa protein  

cytoplasm SRP9 SRP09 Signal recognition particle 9 kDa protein  

cytoplasm SSBP1 SSBP Single-stranded DNA-binding protein, mitochondrial  

cytoplasm THSD4 THSD4 Thrombospondin type-1 domain-containing protein 4  

cytoplasm TPI1 TPIS Triosephosphate isomerase  

cytoplasm VAT1 VAT1 Synaptic vesicle membrane protein VAT-1 homolog  

cytoplasm VCP TERA Transitional endoplasmic reticulum ATPase  

cytoplasm YBX1 YBOX1 Nuclease-sensitive element-binding protein 1  

cytoplasm YWHAQ 1433T 14-3-3 protein theta  

cytoplasm YWHAZ 1433Z 14-3-3 protein zeta/delta  

cytoplasm ZC3H15 ZC3HF Zinc finger CCCH domain-containing protein 15  
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Table S3: Proteins in the reproducible lists from both non-silencing and 

GEF-H1-silencing MSC-3A6 cells and their ratios indicating change in relative FA 

abundance in response to GEF-H1 expression. 

 

Only present in GEF-H1-silencing FAs 

Gene Name Entry Name Common Protein Name 

      

EEF1B2 EF1B Elongation factor 1-beta  

ENO1 ENOA Alpha-enolase  

F2 THRB Prothrombin  

LSM14A LS14A Protein LSM14 homolog A  

MDH2 MDHM Malate dehydrogenase, mitochondrial  

PACSIN3 PACN3 Protein kinase C and casein kinase substrate in neurons protein 3  

PLS3 PLST Plastin-3  

PPP1R12C PP12C Protein phosphatase 1 regulatory subunit 12C  

RPL37A RL37A 60S ribosomal protein L37a  

RPL9 RL9 60S ribosomal protein L9  

RPS8 RS8 40S ribosomal protein S8  

SEC22B SC22B Vesicle-trafficking protein SEC22b  

SNRPE RUXE Small nuclear ribonucleoprotein E  

SSBP1 SSBP Single-stranded DNA-binding protein, mitochondrial  

 

FA recruitment inhibited by GEF-H1expression (the Ratio of protein abundance < 0.5) 

Gene Name Entry Name Common Protein Name Ratio of 

      Protein Abundance

ADAMTSL1 ATL1 ADAMTS-like protein 1  0.144844491 

AKAP12 AKA12 A-kinase anchor protein 12  0.424364482 

AKAP2 AKAP2 A-kinase anchor protein 2  0.195876861 

ALCAM CD166 CD166 antigen  0.203510266 

ALDOA ALDOA Fructose-bisphosphate aldolase A  0.115771842 

ANXA1 ANXA1 Annexin A1  0.126802293 

ATP1A1 AT1A1 Sodium/potassium-transporting ATPase subunit alpha-1  0.256730516 

ATP5A1 ATPA ATP synthase subunit alpha, mitochondrial  0.072876591 

BSG BASI Basigin  0.181119399 

CALD1 CALD1 Caldesmon  0.37990232 

CALM1 CALM Calmodulin  0.296527863 

CD44 CD44 CD44 antigen  0.325641531 

CDH2 CADH2 Cadherin-2  0.496416112 
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CEP170 CE170 Centrosomal protein of 170 kDa  0.388971872 

CFL1 COF1 Cofilin-1  0.179149181 

CFL2 COF2 Cofilin-2  0.073638429 

CLIC1 CLIC1 Chloride intracellular channel protein 1  0.49882972 

CNN2 CNN2 Calponin-2  0.190277508 

COL1A1 CO1A1 Collagen alpha-1(I) chain  0.259951104 

COL1A2 CO1A2 Collagen alpha-2(I) chain  0.440716288 

COL6A3 CO6A3 Collagen alpha-3(VI) chain  0.063489858 

CORO1C COR1C Coronin-1C  0.37030344 

CSDA DBPA DNA-binding protein A  0.056056181 

DPYSL2 DPYL2 Dihydropyrimidinase-related protein 2  0.21311785 

DSTN DEST Destrin  0.126342136 

DTD1 DTD1 D-tyrosyl-tRNA(Tyr) deacylase 1  0.288355069 

EDIL3 EDIL3 EGF-like repeat and discoidin I-like domain-containing protein 3  0.245640847 

EPS8 EPS8 Epidermal growth factor receptor kinase substrate 8  0.045045711 

ESYT1 ESYT1 Extended synaptotagmin-1  0.213128217 

F5 FA5 Coagulation factor V  0.258574403 

FH FUMH Fumarate hydratase, mitochondrial  0.206589759 

FHL2 FHL2 Four and a half LIM domains protein 2  0.420729598 

FKBP4 FKBP4 Peptidyl-prolyl cis-trans isomerase FKBP4  0.346569252 

FN1 FINC Fibronectin  0.22304462 

GSK3B GSK3B Glycogen synthase kinase-3 beta  0.427989077 

HIST1H4A H4 Histone H4  0.274960501 

HNRNPM HNRPM Heterogeneous nuclear ribonucleoprotein M  0.417420614 

HSPA5 GRP78 78 kDa glucose-regulated protein  0.095071193 

HSPB1 HSPB1 Heat shock protein beta-1  0.121116184 

HSPD1 CH60 60 kDa heat shock protein, mitochondrial  0.188968036 

HSPG2 PGBM Basement membrane-specific heparan sulfate proteoglycan core protein  0.476719138 

HTRA1 HTRA1 Serine protease HTRA1  0.248609894 

ICAM1 ICAM1 Intercellular adhesion molecule 1  0.329409173 

ILK ILK Integrin-linked protein kinase  0.345276588 

ITGA5 ITA5 Integrin alpha-5  0.272516581 

ITGAV ITAV Integrin alpha-V  0.462728948 

LOXL1 LOXL1 Lysyl oxidase homolog 1  0.187504402 

LTBP4 LTBP4 Latent-transforming growth factor beta-binding protein 4  0.054551129 

MARCKSL1 MRP MARCKS-related protein  0.455690468 

MGP MGP Matrix Gla protein  0.361021978 
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MIF MIF Macrophage migration inhibitory factor  0.169973714 

MYADM MYADM Myeloid-associated differentiation marker  0.13253645 

MYL12A ML12A Myosin regulatory light chain 12A  0.412838065 

PALLD PALLD Palladin  0.285711118 

PCBP1 PCBP1 Poly(rC)-binding protein 1  0.150489837 

PCMT1 PIMT Protein-L-isoaspartate(D-aspartate) O-methyltransferase  0.061639774 

PCOLCE PCOC1 Procollagen C-endopeptidase enhancer 1  0.103570967 

PFN1 PROF1 Profilin-1  0.148795011 

PPIA PPIA Peptidyl-prolyl cis-trans isomerase A  0.30787814 

PRNP PRIO Major prion protein  0.256170397 

PTRF PTRF Polymerase I and transcript release factor  0.428245106 

RFTN1 RFTN1 Raftlin  0.49663636 

RPL12 RL12 60S ribosomal protein L12  0.350506609 

RPL5 RL5 60S ribosomal protein L5  0.034232035 

RPS19 RS19 40S ribosomal protein S19  0.322745881 

RPS29 RS29 40S ribosomal protein S29  0.166799214 

RPS6 RS6 40S ribosomal protein S6  0.239480431 

SDPR SDPR Serum deprivation-response protein  0.154228706 

SERPINE1 PAI1 Plasminogen activator inhibitor 1  0.041410659 

SRP14 SRP14 Signal recognition particle 14 kDa protein  0.35196284 

STMN1 STMN1 Stathmin  0.220588803 

STXBP1 STXB1 Syntaxin-binding protein 1  0.308483423 

THSD4 THSD4 Thrombospondin type-1 domain-containing protein 4  0.31959279 

TNC TENA Tenascin  0.227897348 

TUBA1A TBA1A Tubulin alpha-1A chain  0.118684196 

VIM VIME Vimentin  0.470064322 

YBX1 YBOX1 Nuclease-sensitive element-binding protein 1  0.219197834 

YWHAQ 1433T 14-3-3 protein theta  0.445213335 

ZYX ZYX Zyxin  0.342835546 

 

GEF-H1-independent FA recruitment (the Ratio of protein abundance  0.5 ~ 2) 

Gene Name Entry Name Common Protein Name Ratio of 

      Protein Abundance 

A6NL28 TPM3L Putative tropomyosin alpha-3 chain-like protein  0.722166326 

ACTB ACTB Actin, cytoplasmic 1  0.576072634 

ACTN1 ACTN1 Alpha-actinin-1  0.526324022 

ACTN4 ACTN4 Alpha-actinin-4  0.526324022 
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ADAM9 ADAM9 Disintegrin and metalloproteinase domain-containing protein 9  1.336957951 

ADAMTS1 ATS1 A disintegrin and metalloproteinase with thrombospondin motifs 1  0.512533456 

ADD1 ADDA Alpha-adducin  0.587687211 

AGRN AGRIN Agrin  1.091164547 

AHSG FETUA Alpha-2-HS-glycoprotein  1.056170458 

ANXA2 ANXA2 Annexin A2  0.885600181 

AP2M1 AP2M1 AP-2 complex subunit mu  1.370762681 

APOC3 APOC3 Apolipoprotein C-III  0.796138519 

APOE APOE Apolipoprotein E  0.984948378 

APP A4 Amyloid beta A4 protein  1.912495812 

ATP2B4 AT2B4 Plasma membrane calcium-transporting ATPase 4  0.956396362 

BASP1 BASP1 Brain acid soluble protein 1  0.815250471 

CCDC50 CCD50 Coiled-coil domain-containing protein 50  0.842445101 

CCDC80 CCD80 Coiled-coil domain-containing protein 80  1.143852758 

CHCHD3 CHCH3 
Coiled-coil-helix-coiled-coil-helix domain-containing protein 3, 

mitochondrial  
1.266128383 

CLTA CLCA Clathrin light chain A  0.784745884 

CLTB CLCB Clathrin light chain B  0.951238209 

CNN3 CNN3 Calponin-3  1.492798216 

COX5A COX5A Cytochrome c oxidase subunit 5A, mitochondrial  1.408597546 

CSRP1 CSRP1 Cysteine and glycine-rich protein 1  0.767986275 

CTNNA1 CTNA1 Catenin alpha-1  0.936604184 

CTNNB1 CTNB1 Catenin beta-1  1.68855921 

CTTN SRC8 Src substrate cortactin  0.773244575 

CYR61 CYR61 Protein CYR61  1.071575188 

DBNL DBNL Drebrin-like protein  1.59207945 

DKK1 DKK1 Dickkopf-related protein 1  0.575813819 

EEF1D EF1D Elongation factor 1-delta  0.930452235 

EEF2 EF2 Elongation factor 2  0.677891273 

EFEMP2 FBLN4 EGF-containing fibulin-like extracellular matrix protein 2  0.796431952 

EIF2S1 IF2A Eukaryotic translation initiation factor 2 subunit 1  1.098853868 

EIF4H IF4H Eukaryotic translation initiation factor 4H  1.524321019 

EMILIN1 EMIL1 EMILIN-1  0.61244093 

ENAH ENAH Protein enabled homolog  1.717313581 

ENSA ENSA Alpha-endosulfine  1.153570575 

EPB41L2 E41L2 Band 4.1-like protein 2  0.631966951 

EPHA2 EPHA2 Ephrin type-A receptor 2  1.025730471 
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EPHB2 EPHB2 Ephrin type-B receptor 2  1.28029117 

EPN2 EPN2 Epsin-2  1.000485092 

EZR EZRI Ezrin  0.54860267 

FAM176B F176B Protein FAM176B  0.646771609 

FLNA FLNA Filamin-A  0.65329574 

FLNB FLNB Filamin-B  0.65329574 

FLNC FLNC Filamin-C  0.65329574 

FLOT1 FLOT1 Flotillin-1  0.832435685 

GAPDH G3P Glyceraldehyde-3-phosphate dehydrogenase  0.52217293 

GLIPR2 GAPR1 Golgi-associated plant pathogenesis-related protein 1  1.947588144 

GNAI2 GNAI2 Guanine nucleotide-binding protein G(i) subunit alpha-2  1.372783499 

GNAI3 GNAI3 Guanine nucleotide-binding protein G(k) subunit alpha  1.981700137 

GNG12 GBG12 Guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-12  1.062826258 

HBA1 HBA Hemoglobin subunit alpha  0.947245579 

HPCA HPCA Neuron-specific calcium-binding protein hippocalcin  0.796138519 

HRAS RASH GTPase HRas  1.504393997 

HSPA9 GRP75 Stress-70 protein, mitochondrial  0.802043021 

IGF2 IGF2 Insulin-like growth factor II  0.719289329 

ITGA2 ITA2 Integrin alpha-2  0.544310051 

ITGA3 ITA3 Integrin alpha-3  1.082067691 

ITGA6 ITA6 Integrin alpha-6  0.943480301 

ITGB1 ITB1 Integrin beta-1  1.126282401 

ITGB5 ITB5 Integrin beta-5  0.671486612 

KANK2 KANK2 KN motif and ankyrin repeat domain-containing protein 2  0.961795091 

LASP1 LASP1 LIM and SH3 domain protein 1  0.880805856 

LGALS1 LEG1 Galectin-1  0.703832509 

LIMA1 LIMA1 LIM domain and actin-binding protein 1  0.547410318 

LIMS2 LIMS2 LIM and senescent cell antigen-like-containing domain protein 2  1.643661597 

LMNA LMNA Prelamin-A/C  0.810699289 

LMO7 LMO7 LIM domain only protein 7  1.776400882 

LOX LYOX Protein-lysine 6-oxidase  0.848438064 

LTBP2 LTBP2 Latent-transforming growth factor beta-binding protein 2  1.811514296 

MARCKS MARCS Myristoylated alanine-rich C-kinase substrate  0.783673946 

MCAM MUC18 Cell surface glycoprotein MUC18  1.199014311 

MSN MOES Moesin  1.042089986 

MT1E MT1E Metallothionein-1E  0.852735925 

MYH9 MYH9 Myosin-9  0.999037763 

Journal of Cell Science | Supplementary Material



MYO1C MYO1C Unconventional myosin-Ic  1.21605535 

MYOF MYOF Myoferlin  1.534530491 

NACA NACA Nascent polypeptide-associated complex subunit alpha  0.66145653 

NDUFA2 NDUA2 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 2  1.796433972 

NEXN NEXN Nexilin  1.825348642 

NPM1 NPM Nucleophosmin  1.113585043 

NRP1 NRP1 Neuropilin-1  0.773608308 

PDIA3 PDIA3 Protein disulfide-isomerase A3  1.938120355 

PDLIM2 PDLI2 PDZ and LIM domain protein 2  1.018690986 

PGAM1 PGAM1 Phosphoglycerate mutase 1  1.408924164 

PIP4K2A PI42A Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha  0.690405156 

PKM KPYM Pyruvate kinase isozymes M1/M2  0.986144954 

PPFIBP1 LIPB1 Liprin-beta-1  1.779577733 

PPP1R18 PPR18 Phostensin  1.060973072 

PRKCDBP PRDBP Protein kinase C delta-binding protein  1.407836628 

PRKCSH GLU2B Glucosidase 2 subunit beta  1.624910705 

PTK7 PTK7 Inactive tyrosine-protein kinase 7  0.665117087 

PXN PAXI Paxillin  1 

RPL22 RL22 60S ribosomal protein L22  1.107695318 

RPL35A RL35A 60S ribosomal protein L35a  1.261150583 

RPLP1 RLA1 60S acidic ribosomal protein P1  0.600853012 

RPS21 RS21 40S ribosomal protein S21  1.02080179 

RPS25 RS25 40S ribosomal protein S25  0.563827082 

RPS3A RS3A 40S ribosomal protein S3a  1.140860777 

RRBP1 RRBP1 Ribosome-binding protein 1  0.939000564 

SEPT7 SEPT7 Septin-7  1.686530689 

SERPINH1 SERPH Serpin H1  1.026586054 

SLC1A5 AAAT Neutral amino acid transporter B(0)  0.856510264 

SPTAN1 SPTN1 Spectrin alpha chain, non-erythrocytic 1  0.911650135 

STOM STOM Erythrocyte band 7 integral membrane protein  0.546356719 

TAGLN2 TAGL2 Transgelin-2  0.746814773 

TENC1 TENC1 Tensin-like C1 domain-containing phosphatase  1.611921733 

TGFB1 TGFB1 Transforming growth factor beta-1  0.923798063 

THBS1 TSP1 Thrombospondin-1  1.112175836 

TLN1 TLN1 Talin-1  0.71994596 

TNS1 TENS1 Tensin-1  1.084824308 

TPM3 TPM3 Tropomyosin alpha-3 chain  0.921082916 
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TPM4 TPM4 Tropomyosin alpha-4 chain  1.146858749 

TRIOBP TARA TRIO and F-actin-binding protein  1.005270576 

TUBB2A TBB2A Tubulin beta-2A chain  1.45734949 

VASN VASN Vasorin  0.837225788 

VASP VASP Vasodilator-stimulated phosphoprotein  1.893070993 

VAT1 VAT1 Synaptic vesicle membrane protein VAT-1 homolog  1.008840908 

VCAN CSPG2 Versican core protein  0.630305442 

VCL VINC Vinculin  0.857245078 

VCP TERA Transitional endoplasmic reticulum ATPase  1.878565552 

WNT5A WNT5A Protein Wnt-5a  0.543821516 

YWHAZ 1433Z 14-3-3 protein zeta/delta  0.960747932 

 

GEF-H1-dependent FA recruitment (the Ratio of protein abundance > 2) 

Gene Name Entry Name Common Protein Name Ratio of 

      Protein Abundance

AP2A1 AP2A1 AP-2 complex subunit alpha-1  4.619720557 

CSRP2 CSRP2 Cysteine and glycine-rich protein 2  2.204501867 

DBN1 DREB Drebrin  3.970404849 

EEF1A1 EF1A1 Elongation factor 1-alpha 1  3.459791412 

FBLN1 FBLN1 Fibulin-1  7.432235289 

FBLN2 FBLN2 Fibulin-2  2.053948691 

HAPLN3 HPLN3 Hyaluronan and proteoglycan link protein 3  2.664250221 

HSPA8 HSP7C Heat shock cognate 71 kDa protein  7.946151851 

INA AINX Alpha-internexin  2.982156035 

LIMD1 LIMD1 LIM domain-containing protein 1  3.252673709 

LIN7C LIN7C Protein lin-7 homolog C  2.685179485 

LRP1 LRP1 Prolow-density lipoprotein receptor-related protein 1  2.913148472 

MYL6 MYL6 Myosin light polypeptide 6  4.124270925 

PLEC PLEC Plectin  2.693428906 

RPL11 RL11 60S ribosomal protein L11  2.667937446 

RPL13 RL13 60S ribosomal protein L13  2.682377789 

RPL7A RL7A 60S ribosomal protein L7a  5.800140454 

RPS18 RS18 40S ribosomal protein S18  2.132765586 

RPS2 RS2 40S ribosomal protein S2  2.121090266 

SCAMP3 SCAM3 Secretory carrier-associated membrane protein 3  2.101951701 

SEPT2 SEPT2 Septin-2  2.394787005 

SEPT8 SEPT8 Septin-8  2.484090993 
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SEPT9 SEPT9 Septin-9  3.162943249 

SH3BGRL3 SH3L3 SH3 domain-binding glutamic acid-rich-like protein 3  2.165327453 

SPTBN1 SPTB2 Spectrin beta chain, non-erythrocytic 1  4.251727902 

SRP9 SRP09 Signal recognition particle 9 kDa protein  2.111988128 

TJP2 ZO2 Tight junction protein ZO-2  3.405246567 

TPI1 TPIS Triosephosphate isomerase  2.998747322 

TPM2 TPM2 Tropomyosin beta chain  8.706196131 

UTRN UTRO Utrophin  4.040178085 

VTN VTNC Vitronectin  2.962236304 

ZC3H15 ZC3HF Zinc finger CCCH domain-containing protein 15  2.752724594 

 

Only present in non-silencing FAs 

Gene Name Entry Name Common Protein Name 

      

ADAM5P ADAM5 Putative disintegrin and metalloproteinase domain-containing protein 5  

ADRM1 ADRM1 Proteasomal ubiquitin receptor ADRM1  

APOH APOH Beta-2-glycoprotein 1  

ARHGEF2 ARHG2 Rho guanine nucleotide exchange factor 2  

ARPC5 ARPC5 Actin-related protein 2/3 complex subunit 5  

ATP5D ATPD ATP synthase subunit delta, mitochondrial  

ATP5I ATP5I ATP synthase subunit e, mitochondrial  

ATP5O ATPO ATP synthase subunit O, mitochondrial  

BCAM BCAM Basal cell adhesion molecule  

C16orf55 CP055 Uncharacterized protein C16orf55  

CD151 CD151 CD151 antigen  

CD55 DAF Complement decay-accelerating factor  

CD59 CD59 CD59 glycoprotein  

CD99 CD99 CD99 antigen  

CDC42EP1 BORG5 Cdc42 effector protein 1  

CDC42EP3 BORG2 Cdc42 effector protein 3  

CKAP4 CKAP4 Cytoskeleton-associated protein 4  

CLEC3B TETN Tetranectin  

CLTC CLH1 Clathrin heavy chain 1  

CNP CN37 2',3'-cyclic-nucleotide 3'-phosphodiesterase  

CTGF CTGF Connective tissue growth factor  

CTNND1 CTND1 Catenin delta-1  

DDX3X DDX3X ATP-dependent RNA helicase DDX3X  
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EGFR EGFR Epidermal growth factor receptor  

EHD1 EHD1 EH domain-containing protein 1  

EHD4 EHD4 EH domain-containing protein 4  

EPS15L1 EP15R Epidermal growth factor receptor substrate 15-like 1  

ERBB2IP LAP2 Protein LAP2  

FBLIM1 FBLI1 Filamin-binding LIM protein 1  

FERMT2 FERM2 Fermitin family homolog 2  

GAS6 GAS6 Growth arrest-specific protein 6  

GNAS GNAS1 Guanine nucleotide-binding protein G(s) subunit alpha isoforms XLas  

HAPLN1 HPLN1 Hyaluronan and proteoglycan link protein 1  

HNRNPA1 ROA1 Heterogeneous nuclear ribonucleoprotein A1  

HNRNPA2B1 ROA2 Heterogeneous nuclear ribonucleoproteins A2/B1  

HNRNPD HNRPD Heterogeneous nuclear ribonucleoprotein D0  

ITGA7 ITA7 Integrin alpha-7  

KIRREL KIRR1 Kin of IRRE-like protein 1  

KPNB1 IMB1 Importin subunit beta-1  

LPP LPP Lipoma-preferred partner  

LSM12 LSM12 Protein LSM12 homolog  

MACF1 MACF1 Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5  

MRC2 MRC2 C-type mannose receptor 2  

MT2A MT2 Metallothionein-2  

MYH10 MYH10 Myosin-10  

MYL9 MYL9 Myosin regulatory light polypeptide 9  

NUMB NUMB Protein numb homolog  

PDLIM4 PDLI4 PDZ and LIM domain protein 4  

PFN2 PROF2 Profilin-2  

PHLDB1 PHLB1 Pleckstrin homology-like domain family B member 1  

PLP2 PLP2 Proteolipid protein 2  

PLSCR3 PLS3 Phospholipid scramblase 3  

PLXNB2 PLXB2 Plexin-B2  

PPIB PPIB Peptidyl-prolyl cis-trans isomerase B  

PPP1R12A MYPT1 Protein phosphatase 1 regulatory subunit 12A  

PRDX1 PRDX1 Peroxiredoxin-1  

PRSS12 NETR Neurotrypsin  

PVR PVR Poliovirus receptor  

RAB13 RAB13 Ras-related protein Rab-13  

RAB21 RAB21 Ras-related protein Rab-21  
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RAC1 RAC1 Ras-related C3 botulinum toxin substrate 1  

RAI14 RAI14 Ankycorbin  

RPL23A RL23A 60S ribosomal protein L23a  

RPL29 RL29 60S ribosomal protein L29  

RPL30 RL30 60S ribosomal protein L30  

RPL6 RL6 60S ribosomal protein L6  

RPS28 RS28 40S ribosomal protein S28  

S100A11 S10AB Protein S100-A11  

SERBP1 PAIRB Plasminogen activator inhibitor 1 RNA-binding protein  

SLC39A14 S39AE Zinc transporter ZIP14  

SLC7A5 LAT1 Large neutral amino acids transporter small subunit 1  

SNAP29 SNP29 Synaptosomal-associated protein 29  

SNTB2 SNTB2 Beta-2-syntrophin  

STEAP3 STEA3 Metalloreductase STEAP3  

STX7 STX7 Syntaxin-7  

TFRC TFR1 Transferrin receptor protein 1  

TGFB1I1 TGFI1 Transforming growth factor beta-1-induced transcript 1 protein  

TGFB2 TGFB2 Transforming growth factor beta-2  

TLN2 TLN2 Talin-2  

TMOD3 TMOD3 Tropomodulin-3  

TRIP6 TRIP6 Thyroid receptor-interacting protein 6  

TUFM EFTU Elongation factor Tu, mitochondrial  

UACA UACA Uveal autoantigen with coiled-coil domains and ankyrin repeats  

UQCRC1 QCR1 Cytochrome b-c1 complex subunit 1, mitochondrial  

VAMP5 VAMP5 Vesicle-associated membrane protein 5  
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Table S4: The list of shRNA, siRNA, primers and antibodies used in the experiments. 

 
shRNA and siRNA 

Name Vector Target sequence 

GEF-H1 shRNA 
pLenti6/BLOCK-iT0222-DEST  

(Invitrogen) 
GTGACTATCCACAACCGCTGT 

NMIIB shRNA 
pLKO.1 (the National RNAi Core Facility 

Plateform, Taiwan) 
GCCAAGCTCAAGAACAAGCAT 

GEF-H1 siRNA 

(Dharmacon_Thermo Science)  
CAACGGAACUGGCAUUACU 

 

Primers 

Name Sequence 

the forward PCR primer of GEF-H1 for 

GFP-C1-GEF-H1 
5’- AATTCAAGCTTTAATGTCTCGGATCGAATCCCTCACGCGGGCG-3’ 

the reverse PCR primer of GEF-H1 for 

GFP-C1-GEF-H1 
5’- AATTCGGTACCTTAGCTCTCGGAGGCTACAGCCTCCCCGTC-3’ 

the site-directed mutagenesis primer for 

pGFP-C1-GEF-H1 (shRNA resistance) 
5'-CTGCAATGTGACTATCCATAATCGCTGTAAAGACA-3’ 

the forward PCR primer of GEF-H11-235 for 

GFP-C1-GEF-H1_DH(m) 
5’- AATTCAAGCTTTAATGTCTCGGATCGAATCCCTCACGCGGGCG-3’ 

the reverse PCR primer of GEF-H11-235 for 

GFP-C1-GEF-H1_DH(m) 
5’-AATTCCCATGGGAGGGTATTTATCAGCTGGAGAAAGGGGCC-3’ 

the forward PCR primer of GEF-H1429-985 for 

GFP-C1-GEF-H1_DH(m) 
5’- AATTCCCATGGCTTCATCACCTCCTTTTTATGCTGCTGCAG-3’  

the reverse PCR primer of GEF-H1429-985 for 

GFP-C1-GEF-H1_DH(m) 
5’- AATTCGGTACCTTAGCTCTCGGAGGCTACAGCCTCCCCGTC-3’ 

the site-directed mutagenesis primer for 

GFP-C1-GEF-H1_DH (m) (shRNA resistance) 
5'-GTGACTATCCATAATCGCTGT-3’ 

the forward PCR primer for pLKO-AS3W-GEF-H1 

and pLKO-AS3W-GEF-H1_DH (m) 
5’- AATTCGCTAGCATGTCTCGGATCGAATCCCTCACGCGGGCG-3’ 

the reverse PCR primer for pLKO-AS3W-GEF-H1 

and pLKO-AS3W-GEF-H1_DH (m) 
5’- AATTCGAATTCCCTTAGCTCTCGGAGGCTACAGCCTCCCCGTC-3’ 

 

Antibodies 

Name Host Catalog number Dilutions 

paxillin mouse BD 610052 
dilution for western: 1/5000 

dilution for immunofluorescence: 1/1000  
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phospho-MLC (Thr18/Ser19) rabbit Cell signaling #3674 dilution for western: 1/1000 

MLC rabbit Cell Signaling #3672 dilution for western: 1/1000 

GAPDH mouse GeneTex GTX627408 dilution for western: 1/1000  

GAPDH rabbit GeneTex GTX100118 dilution for IP: 1/100  

GEF-H1 rabbit GeneTex GTX125893 

dilution for western: 1/1000 

dilution for immunofluorescence: 1/50 

dilution for IP: 1/100 

integrin 1 mouse Millipore MAB2259Z dilution for western: 1/1000 

NMIIA rabbit Cell signaling #3403 dilution for western: 1/1000 

NMIIB rabbit Cell signaling #3404 
dilution for western: 1/1000 

dilution for immunofluorescence: 1/100  

GFP rabbit GeneTex GTX113617 dilution for western: 1/2500 

Alexa Fuor 568-anti-mouse 

IgG  
Invitrogen A11031 dilution for immunofluorescence: 1/300 

Alexa Fuor 488-anti-rabbit 

IgG  
Invitrogen A11034 dilution for immunofluorescence: 1/300 

Alexa Fuor 647-anti-mouse 

IgG  

Jackson ImmunoResearch 

715-606-151/J1 
dilution for immunofluorescence: 1/300 

Alexa Fluor 488 phalloidin Invitrogen A12379 dilution for immunofluorescence: 1/400  

HRP-AffiniPure goat 

anti-mouse IgG 
 

Jackson ImmunoResearch 

115-035-174 
dilution for immunofluorescence: 1/5000 

HRP-AffiniPure goat 

anti-rabbit IgG 
 

Jackson ImmunoResearch 

211-032-171 
dilution for immunofluorescence: 1/5000 

GFP-Trap beads ChromoTek gta-100 
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