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ABSTRACT Transactivation of the epidermal growth factor receptor (EGFR) by tumor necro-
sis factor-o. (TNF-a) is a key step in mediating RhoA activation and cytoskeleton and junction
remodeling in the tubular epithelium. In this study we explore the mechanisms underlying
TNF-o~induced EGFR activation. We show that TNF-o stimulates the TNF-o. convertase en-
zyme (TACE/a disintegrin and metalloproteinase-17), leading to activation of the EGFR/ERK
pathway. TACE activation requires the mitogen-activated protein kinase p38, which is
activated through the small GTPase Rac. TNF-a stimulates both Rac and RhoA through the
guanine nucleotide exchange factor (GEF)-H1 but by different mechanisms. EGFR- and
ERK-dependent phosphorylation at the T678 site of GEF-H1 is a prerequisite for RhoA activa-
tion only, whereas both Rac and RhoA activation require GEF-H1 phosphorylation on S885.
Of interest, GEF-H1-mediated Rac activation is upstream from the TACE/EGFR/ERK pathway
and regulates T678 phosphorylation. We also show that TNF-o. enhances epithelial wound
healing through TACE, ERK, and GEF-H1. Taken together, our findings can explain the mech-
anisms leading to hierarchical activation of Rac and RhoA by TNF-a through a single GEF. This
mechanism could coordinate GEF functions and fine-tune Rac and RhoA activation in epithe-

Monitoring Editor
Asma Nusrat
Emory University

Received: Sep 13, 2012
Revised: Jan 23, 2013
Accepted: Jan 30, 2013

lial cells, thereby promoting complex functions such as sheet migration.

INTRODUCTION

The Rho-family small GTPases RhoA and Rac are key regulators of
the cytoskeleton and affect a variety of vital cellular functions, in-
cluding growth, adhesion, polarity, and migration (Jaffe and Hall,
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2005). In epithelial cells RhoA and Rac are also major regulators of
the intercellular junctions and transepithelial transport (Kapus and
Szaszi, 2006; Samarin and Nusrat, 2009; Citi et al., 2011). Despite
their important roles, the mechanisms underlying activation/inacti-
vation of Rho-family GTPases are not fully understood. Rho proteins
cycle between GDP-bound (inactive) and GTP-bound (active) states,
and this cycle is controlled by the coordinated action of guanine
nucleotide exchange factors (GEFs), GTPase-activating proteins
(GAPs), and GDP dissociation inhibitors. Specific members of the
large RhoGEF family mediate activation of Rho proteins in response
to different extracellular stimuli (Rossman et al., 2005). Understand-
ing of the pathway- and context-specific regulation of individual
GEFs, however, is incomplete.

The pleiotropic inflammatory cytokine tumor necrosis factor-o
(TNF-a) has emerged as an important pathogenic factor in a num-
ber of chronic diseases, including rheumatoid arthritis and inflam-
matory bowel disease (Clark, 2007), as well as acute renal injury and
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chronic kidney disease (Pascher and Klupp, 2005; Vielhauer and
Mayadas, 2007). TNF-o. disrupts epithelial intercellular junctions
and elevates transepithelial permeability, and these effects are
believed to contribute to disease pathogenesis. In previous work
we showed that in kidney tubular cells TNF-o. activates RhoA and
induces Rho kinase—dependent myosin phosphorylation, leading to
cytoskeleton remodeling and enhanced paracellular permeability
(Kakiashvili et al., 2009). We also identified GEF-H1 (ArhGEF2) as
the exchange factor mediating TNF-o~induced RhoA activation and
showed that it was activated toward RhoA by ERK-mediated phos-
phorylation on its threonine 678 site (Kakiashvili et al., 2009).

GEF-H1 (and its murine homologue Ifc) is a guanine nucleotide
exchange factor that can activate RhoA and Rac. It binds to and is
regulated by microtubules and tight junctions (Ren et al., 1998;
Benais-Pont et al., 2003; reviewed in Birkenfeld et al., 2008). GEF-H1
has been implicated in a remarkable array of functions in different
cell types, including the regulation of cytokinesis, cell growth, mi-
gration, epithelial and endothelial barrier, dendritic spine morphol-
ogy, and mechanical signal transduction (Birkenfeld et al., 2007;
Kang et al., 2009; Nalbant et al., 2009; Nie et al., 2009; Guilluy et al.,
2011). In previous studies we found that in tubular cells physical and
chemical stimuli, such as depolarization of the plasma membrane
potential (Waheed et al., 2010), exposure to the immunosuppres-
sant drugs cyclosporine and sirolimus (Martin-Martin et al., 2012),
and hyperosmotic shock (Ly et al., 2013), also require GEF-H1 for
RhoA activation. Of interest, most of the described effects of GEF-
H1 were attributed to RhoA activation. However, in vitro exchange
activity assays demonstrated that GEF-H1 can also act as a GEF for
Rac (Ren et al., 1998; Gao et al., 2001). Moreover, PAK4-dependent
phosphorylation was suggested to act as a switch that blocks GEF-
H1-dependent stress fiber formation and promotes lamellipodia
generation in fibroblasts. However, the functional significance and
stimulus-dependent regulation of the Rac GEF activity of GEF-H1 is
largely unexplored.

In search for the signaling pathway that mediates TNF-o—induced
GEF-H1 activation toward RhoA, we found that TNF-a: transactivates
the epidermal growth factor receptor (EGFR), leading to stimulation
of ERK, GEF-H1, and RhoA (Kakiashvili et al., 2011). Recently EGFR
transactivation has emerged as a common mechanism through
which many stimuli, including G protein—coupled receptor activa-
tion and changes in the physical environment, indirectly activate
ERK and enhance proliferation (Higashiyama et al., 2008; Liebmann,
2011). EGFR activation is caused by the release of epidermal growth
factor (EGF)-family ligands by proteases belonging to the a disinte-
grin and metalloproteinase (ADAM) enzyme family (Edwards et al.,
2008). We found that EGFR transactivation by TNF-o. in tubular cells
was inhibited by TAPI-1, suggesting the involvement of an ADAM
family enzyme (Kakiashvili et al., 2011). However, the identity of the
enzyme and the mechanisms through which it is activated by TNF-o.
remained unknown. The TAPI-1-sensitive TNF-o. convertase enzyme
(TACE), also known as ADAM17, is a good candidate. This enzyme
was named after its role in the release of TNF-a (Black et al., 1997)
but was later found to cleave a multitude of other substrates, includ-
ing proforms of EGFR ligands (Doedens et al., 2003; Gooz, 2010).
TACE is activated by many stimuli, but the underlying mechanisms
are not entirely understood. Phosphorylation is likely involved in
regulation, as the cytosolic tail of TACE can be phosphorylated by
ERK (Soond et al., 2005; Gooz et al., 2006), PDK1 (Zhang et al.,
2006), p38 (Killock and Ivetic, 2010; Xu and Derynck, 2010), and Src
kinase (Maretzky et al., 2011).

The aim of this study is to explore the mechanism through
which TNF-o. induces EGFR/ERK/RhoA activation in tubular cells.
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We present evidence that GEF-H1, Rac, and p38 have a central role
in TNF-o~induced TACE activation. Our data also reveal a hierarchi-
cal activation of Rac and RhoA induced by differential regulation of
GEF-H1 toward these two small GTPases through phosphorylation
on different sites.

RESULTS

TNF-o. activates TACE in tubular cells, which in turn
mediates ERK activation

Our previous work suggested that TNF-o. exerts some of its effects
in tubular cells through the activation of a TAPI-1-sensitive metal-
loprotease (MMP; Kakiashvili et al., 2009). To identify this enzyme
and explore the potential role of TACE, we assessed the effect of
TNF-0. on MMP activity. The assay we used follows the cleavage of
a fluorigenic peptide that is an excellent substrate for TACE. In the
uncleaved peptide the fluorescence of the 7-methoxycoumarin
group is efficiently quenched by resonance energy transfer to the
2,4-dinitrophenyl group. Cleaving of the amide bond between the
fluorescent group and the quencher group by ADAM family MMPs,
including TACE, causes an increase in fluorescence. LLC-PK; or
normal rat kidney (NRK) cells were treated with TNF-o. and lysed,
and MMP activity was measured. As shown in Figure 1, A-D, TNF-o
induced a significant increase in the cleavage of the fluorigenic
substrate in both cell types. Of importance, this enhanced cleav-
age was prevented by the addition of TAPI-1, an inhibitor of TACE
(Figure 1, A and C). Because neither the fluorigenic substrate nor
the inhibitor is exclusively specific for TACE, we used a small inter-
fering RNA (siRNA) approach as well. As shown in Figure 1, E and F,
transfection with the TACE-specific siRNA achieved >90% de-
crease in levels of the protein in both LLC-PK; and NRK cells. The
overall basal MMP activity was unaffected by TACE silencing. Of
importance, however, and consistent with the results obtained us-
ing TAPI, TACE down-regulation prevented TNF-a-induced en-
hanced substrate cleavage in both cell lines (Figure 1, B and D).
These data therefore suggest that TACE is indeed activated in
TNF-a-stimulated tubular cells.

Using the specific siRNA, we next sought to ascertain the role of
TACE in the TNF-o~induced activation of ERK, which according to
our earlier finding was inhibited by TAPI-1 (Kakiashvili et al., 2011).
TNF-o induced an elevation in pERK levels in both LLC-PK; and
NRK cells (Figure 1, E and F), and this effect was abolished by the
TACE-specific siRNA. Taken together, these experiments show that
TNF-o activates TACE, which is necessary for the ensuing ERK
activation.

TNF-a-induced TACE activation is mediated by p38

We next explored the mechanisms through which TNF-a. activates
TACE. Because TNF-o is a potent activator of the stress kinase p38
(Leonard et al., 1999), which regulates TACE (Killock and Ivetic,
2010; Xu and Derynck, 2010), we first studied the potential role of
this kinase. Western blotting using a phospho-p38-specific anti-
body verified activation of p38 by TNF-o. in LLC-PK; cells (Figure
3B). Of importance, the p38 inhibitor SB203580 prevented TNF-
o~induced TACE activation (Figure 2, A and B), as well as TNF-a-
induced ERK activation (Figure 2C). Next we asked whether p38
activation is sufficient to stimulate the TACE/EGFR/ERK pathway.
To address this, we transfected cells with a p38 construct along
with hemagglutinin (HA)-tagged ERK2, which was used as an indi-
cator of TACE and EGFR activation downstream from p38. Trans-
fected ERK2 was precipitated through the tag, and its phosphory-
lation was detected using a phospho-ERK-specific antibody.
Because under the applied conditions cotransfection efficiency is
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FIGURE 1: (A-D) TNF-o activates TACE. Confluent LLC-PK4 (A, B) or NR

treated with 50 ng/ml TNF-o for 30 min, and MMP activity was measured in the cell lysates
using a fluorigenic peptide substrate, as described in Materials and Methods. In A and C cells

were pretreated for 30 min with 10 or 20 uM TAPI-1 as indicated. In B an

transfected with NR or TACE-specific siRNA 48 h before TNF-o. addition.
the background fluorescence, the control fluorescence values in each experiment were taken as

unity, and the fluorescence in the treated samples was expressed as fold
represent mean = SEM from three independent experiments performed

mediates TNF-o~induced ERK activation. LLC-PK4 (E) or NRK (F) cells were transfected with
nonrelated siRNA or siRNA directed against pig (E) or rat (F) TACE. Forty-eight hours later the

cells were treated with 10 ng/ml TNF-a for 10 min, and the levels of pho!

and TACE were detected by Western blotting. The graphs show quantification of the blots using

densitometry. The amount of phospho-ERK was normalized to total ERK

cell lysates. The results in each experiment were expressed as percentage compared with the
TNF-o~treated sample, taken as 100%. The graphs show mean * SE from n = 3 independent

experiments. Statistical analysis is described in Materials and Methods.

high, this method allowed us to detect ERK phosphorylation exclu-
sively in cells that also expressed the active p38 construct. As
shown in Figure 2D, coexpression of an active p38 with ERK in-
duced significant ERK phosphorylation. Of importance, when cells
were treated with the TACE inhibitor TAPI-1 before precipitation of
HA-ERK, the p38-induced ERK phosphorylation was no longer de-
tectable, suggesting that p38 indeed enhances ERK phosphoryla-
tion through TACE.

1070 | F Waheed et al.

First, we silenced Rac using an siRNA as
before. Figure 4A demonstrates that
Rac silencing prevented TNF-o~induced
ERK activation. We verified this finding by
using a dominant-negative Rac (RacT17A,
DN-Rac), which was cotransfected with
HA-tagged ERK2. After treatment with
TNF-0, HA-ERK was immunoprecipitated,
and its phosphorylation status was evalu-
ated by Western blotting with a pERK-spe-
cific antibody. As described earlier, this
method allowed us to study ERK activation
exclusively in the transfected cells. As
shown in Figure 4B, whereas TNF-o. in-
duced phosphorylation of HA-ERK in cells
transfected with HA-ERK alone, this was
prevented by the coexpression of DN-Rac.

Next we asked whether the requirement
for Rac is specific for TNF-o—~induced ERK activation. We com-
pared the effect of Rac silencing on ERK activation induced by
TNF-a and plasma membrane depolarization. Depolarization also
activates RhoA through an ERK- and GEF-H1-dependent mecha-
nism (Waheed et al., 2010). As expected, depolarization induced
by 130 mM KCI potently stimulated ERK phosphorylation in LLC-
PK; cells (Figure 4A). In contrast to the TNF-a~induced ERK activa-
tion, however, the effect of depolarization was not affected by Rac
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GEF-H1 indeed mediates TNF-o~induced
Rac activation, we silenced it using a spe-
cific siRNA. The siRNA transfection
achieved 290% reduction in GEF-H1 pro-
tein expression (Figure 5B). No change in
the small basal activity of Rac was evident
in cells transfected with the GEF-H1-

SB203580

FIGURE 2: TNF-o—induced TACE and ERK activation is mediated by p38. (A-C) Confluent
LLC-PK; (A, C) or NRK (B) cells were treated with 10 M SB203580 for 30 min, followed by

50 ng/ml TNF-o. (30 min [A, B] or 5 min [C]). In A and B, MMP activity was measured and
expressed as in Figure 1. In C, pERK and ERK levels were determined as in Figure 1.

(D) LLC-PK; cells grown in 10-cm dishes were transfected with HA-tagged ERK2 with or without
cotransfection of FLAG-p38. Forty-eight hours later, where indicated, cells were treated with

10 pM TAPI for 30 min. Next the cells were lysed and HA-ERK was precipitated through the tag,
and pERK and HA in the precipitates were detected by Western blotting. The graphs in C and D
show quantification of the blots by densitometry. Density values of pERK were normalized using
the corresponding total ERK (C) or HA (D) signal and were expressed as in Figure 1. All graphs
show mean * SE from n = 3 independent experiments. Note that in C the samples were run on

the same gel, and unrelated lanes were cut from the scanned gel.

silencing, suggesting that Rac does not mediate ERK activation by
all stimuli but is specific for the TNF-a~induced pathway.

Rac is required for TNF-a~induced RhoA activation

ERK activation is necessary for TNF-a~induced RhoA activation,
suggesting that Rac might also be required for RhoA activation in-
duced by this cytokine. To test this assumption, we explored RhoA
activation using the Rho-binding domain (RBD)-GST precipitation
assay after Rac silencing. TNF-o. induced a well-detectable RhoA
activation in LLC-PK; cells transfected with a nonrelated control
siRNA. In contrast, RhoA was not activated in cells transfected with
the Rac siRNA (Figure 4C). These findings suggest that in tubular
epithelial cells TNF-o—induced RhoA activation depends on Rac and
that activation of the two small GTPases occurs as a sequential event
with a hierarchy between Rac and RhoA.

TNF-a activates Rac in a GEF-H1-dependent manner

We next wished to identify the exchange factor mediating
TNF-o~induced Rac activation. GEF-H1, the exchange factor

Volume 24 April 1, 2013

HA -ERK

specific siRNA. Of importance, however,
TNF-o-induced Rac activation was pre-
vented by GEF-H1 silencing. In fact, Rac
activity in TNF-o-treated and GEF-H1-
down-regulated cells was consistently
lower than the control level. We verified
that GEF-H1 silencing did not prevent
TNF-o—induced activation of NFkB,
suggesting that it did not prevent activa-
tion of the TNF receptors (Supplemental
Figure S1; Kakiashvili et al., 2009).
Taken together, these data suggest that
GEF-H1 mediates not only the TNF-0—
induced activation of RhoA but also that
of Rac.

HA -ERK+
Active p38

TNF-a activates p38, TACE, and ERK through GEF-H1

We next sought to ascertain whether GEF-H1 is a mediator of
TNF-o—induced activation of the p38/TACE/ERK pathway, as an-
ticipated from its role in Rac activation. GEF-H1 silencing indeed
reduced TNF-o-induced activation of ERK and p38 (Figure 5, C
and D) and prevented TACE activation (Figure 5E). These effects
were similar to those observed with Rac down-regulation (Figure 3,
B and C). Of interest, the basal activity of TACE was not affected
by GEF-H1 silencing, suggesting that the GEF-H1/Rac/p38 path-
way has no role in regulating basal MMP activity but is key for
TNF-a~induced stimulation of TACE.

To verify that p38 activation is indeed an effector of GEF-H1
in mediating ERK activation, we asked whether the inhibition of
TNF-o-induced ERK activation observed when GEF-H1 was si-
lenced can be overcome by overexpressing p38. First, we veri-
fied the effectiveness of GEF-H1 silencing in cells cotransfected
with GEF-H1 siRNA and HA-ERK with or without active p38. As
shown in Figure 5F (left), GEF-H1 was potently down-regulated,
and this abolished TNF-o~induced HA-ERK phosphorylation.
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FIGURE 3: Rac is activated by TNF-o. and mediates p38 and TACE activation. (A) TNF-o
activates Rac. LLC-PK; cells were treated with 10 ng/ml TNF-o. for the indicated times. Cells
were lysed, and active Rac was precipitated using GST-PBD. Rac in the precipitates and total
cell lysates (active and total, respectively) was detected by Western blotting and quantified
by densitometry. The amount of active Rac in each sample was normalized to the
corresponding total Rac. The data obtained in each experiment are expressed as percentage
compared with the level of the 5-min TNF-o-treated sample, which is taken as 100%. (B, C)
LLC-PK; cells were transfected with NR or porcine Rac1/2-specific siRNA. Forty-eight hours
later the cells were treated with 10 ng/ml TNF-o for 5 min (B) or 30 min (C). In B, total cell
lysates were probed on Western blots with antibodies against phospho-p38, p38, Rac, and
the loading control GAPDH. The blots were quantified and phospho-p38 normalized with p38
in the same samples, as described for pERK in Figure 1. In C, TACE activity was measured as
described in Figure 1. The graphs show mean * SE from n=5 (A), 8 (B), or 3 (C) independent

experiments.

Figure 5F (right) demonstrates that coexpression of an active
p38 construct together with the nonrelated (NR) siRNA en-
hanced HA-ERK phosphorylation (see also Figure 2D). FLAG-
p38-induced ERK phosphorylation was not prevented by
GEF-H1 silencing, suggesting that p38 is downstream from
GEF-H1.

Because GEF-H1 also mediates TNF-a~induced RhoA activation,
we next asked whether RhoA contributes to stimulation of TACE and
ERK. Of interest, silencing of RhoA using a specific siRNA also re-
duced TNF-o~induced ERK activation, although to a lesser extent
than Rac silencing (Supplemental Figure S2). Further, TACE activa-
tion was also prevented by RhoA silencing. Of importance, we found
that in cells transfected with RhoA siRNA GEF-H1 levels were also
reduced, which could partly explain this finding (see Discussion).

1072 | F Waheed et al.

that in contrast to RhoA activation, GEF-H1-
dependent Rac activation is upstream of the
EGFR and ERK. To substantiate this notion,
we explored how inhibition of the EGFR and
ERK affected Rac activation and the stimula-
tion of GEF-H1 toward Rac. In contrast to
RhoA, which was inhibited by the MEK1/2
inhibitor PD98059 or the EGFR inhibitor
AG1478 (Kakiashvili et al., 2011), neither
TNF-0a~induced Rac activation nor stimula-
tion of GEF-H1 toward Rac was affected by
these inhibitors (Figure 6, A-D). These data
suggest that the Rac- and RhoA-specific ex-
change activities of GEF-H1 are indeed dif-
ferentially regulated.

TNF-o~induced Rac activation and GEF-H1 stimulation
toward Rac do not require phosphorylation on T678

A possible mechanism for the differential regulation of GEF-H1 is
through specific phosphorylation sites. RhoA activation requires
phosphorylation on Té78 (Fujishiro et al., 2008; Kakiashvili et al.,
2009). Therefore we tested the role of this site in the differential
regulation of GEF-H1 toward Rac and RhoA by comparing how a
point mutant GEF-H1 that lacks the ERK-target T678 is activated
toward Rac and RhoA. LLC-PK; cells were transiently transfected
with a GFP-tagged wild-type or GEF-H1T¢78A point-mutant protein.
RhoAand Rac GEFswere precipitated using GST-tagged RhoA(G17A)
or Rac(G15A), respectively, and the presence of the GFP-tagged
WT or mutant GEF-H1 was detected using an antibody against
GFP. TNF-0. enhanced the association of WT-GEF-H1 with both
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FIGURE 4: Rac mediates ERK and RhoA activation induced by TNF-a. (A) LLC-PK; cells were
transfected with NR siRNA or porcine Rac1/2 siRNA. Forty-eight hours later the cells were
incubated in Na* medium for 15 min, followed by the addition of 10 ng/ml TNF-o. in Na*
medium or exchange of the medium for K* medium (5 min). pERK was detected and quantified
as in Figure 1. The blot was stripped and reprobed with anti-Rac. (B) Cells were transfected with
HA-ERK2 with or without cotransfection of DN-Rac and 48 h later treated with TNF-o. (5 min).
HA-ERK was precipitated and its phosphorylation detected as in Figure 2D. (C) Cells were
transfected with NR siRNA or porcine Rac1/2-specific siRNA for 48 h. Cells were treated with
TNF-o. (5 min), and active RhoA was precipitated with GST-RBD and quantified as described for
Rac in Figure 3. The graphs show mean + SE from n= 3 (A, B) or 5 (C) independent experiments.

nucleotide-free small GTPases (Figure 7, A and B). Consistent with
our previously reported findings, elimination of the T678 site pre-
vented TNF-o~induced activation of GEF-H1 toward RhoA (Figure
7A). In contrast, TNF-o. stimulated the association of GEF-H1T¢78A
with Rac(G15A) to a similar extent as the WT protein. Taken to-
gether, these data support the role of differential phosphorylation in
GEF-H1 activation toward Rac and RhoA. Whereas GEF-H1 activa-
tion toward RhoA is mediated by EGFR- and ERK-dependent phos-
phorylation on T678, its activation toward Rac does not require this
phosphorylation.

TNF-0~induced GEF-H1 activation toward Rac requires
phosphorylation on Ser-885

Next we wished to gain insight into the mechanisms that mediate
TNF-o-induced activation of GEF-H1 toward Rac. In a mass spec-
trometry analysis of the phosphorylated amino acids in GEF-H1 pre-
cipitated from TNF-o—stimulated cells (Kakiashvili et al., 2009) we
found the S885 site to be phosphorylated. This site is the target of
numerous kinases and has been implicated in GEF-H1 regulation
(Birkenfeld et al., 2008). Therefore we explored the role of this site
in the TNF-o—induced effects. First, using an HA-tagged GEF-H1,
we investigated the basal and TNF-a~induced phosphorylation of
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(Figure 8, A and B, compare lanes 1-4). Ex-
pression of the human (siRNA resistant)
GFP-GEF-H1T¢784 in cells in which endoge-
nous GEF-H1 was silenced resulted in the
restoration of TNF-o—induced ERK phos-
phorylation (Figure 8, A and B, lanes 5
and 6). In contrast, expression of GFP-GEF-
H158854 did not promote TNF-o~induced
ERK activation (Figure 8, A and B, lanes 7
and 8). Taken together, the data verify that
phosphorylation of S885 but not T678
plays a key role in TNF-o—induced GEF-H1 and Rac-dependent
ERK activation.

S885 in GEF-H1 is required for TNF-o~induced GEF-H1
activation toward RhoA

Previous studies implicated the S885 site in regulation of GEF-H1-
induced RhoA activation (Zenke et al., 2004; Callow et al., 2005;
Birkenfeld et al., 2007; Meiri et al., 2009, 2012; Yamahashi et al.,
2011). Our data described so far suggest that the $885 site could
affect RhoA activation indirectly through regulation of ERK activa-
tion and subsequent T678 phosphorylation. However, it is conceiv-
able that S885 phosphorylation is also a direct regulator of activity
of GEF-H1 toward RhoA. To test this possibility, we first asked
whether absence of the 5885 phosphorylation site affects TNF-o—
induced GEF-H1 activation toward RhoA. As shown in Figure 7C
GFP-GEF-H1585A showed no TNF-o~induced enhanced associa-
tion with GST-RhoA(G17A). To further substantiate a potential direct
effect of S885 on RhoA activation, we induced RhoA-specific
GEF-H1 activation by overexpressing FLAG-p38. As described ear-
lier, active p38 induces TACE-dependent ERK activation even when
GEF-H1 is silenced (Figures 2D and 5F). As expected, GEF-H1"t was
activated by coexpression of p38 (Figure 8C). In contrast, activation
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FIGURE 5: TNF-a activates Rac, TACE, and ERK through GEF-H1. (A) LLC-PK; cells were treated
with 10 ng/ml TNF-o for the indicated times. Active GEF-H1 was precipitated using GST-
Rac(G15A). GEF-H1 in the precipitates and total cell lysates (active and total, respectively) was
detected by Western blotting. The blots were quantified as described for Rac. (B-E, G) LLC-PK;
cells were transfected with NR siRNA or GEF-H1-specific siRNA. Forty-eight hours later the cells
were treated with 10 ng/ml TNF-a for 5 min (B-D, G) or 30 min (E). In B, active Rac was detected
and quantified as in Figure 3. In C and D, pERK, ERK, phospho-p38, p38, GEF-H1, and GAPDH
were detected by Western blotting. In E, MMP activity was determined as in Figure 1. In G,
PEGFR was detected using an antibody against phospho-Y845 EGFR. For all blots quantification
was done using densitometry as described earlier. The data for phospho-p38, pERK, and pEGFR
were normalized to the corresponding total levels of these proteins, and the data for EGFR were
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of NR siRNA, GEF-H1 siRNA, or FLAG-p38, as indicated. Where indicated, cells were treated
with TNF-o for 5 min. HA-ERK was precipitated and its phosphorylation assessed using a pERK
antibody. The top two blots show the immunoprecipitated pERK and HA signals (IP), and the
bottom two blots demonstrate GEF-H1 and tubulin in the corresponding total cell lysates. The
graphs show mean + SE from n= 3 (E-G), 4 (A, B), or 8 (C, D) independent experiments.
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of GFP-GEF-H1%8854 by 138 was much re-
duced (Figure 8C). This finding suggests
that S885 phosphorylation might directly
regulate activation of GEF-H1 toward RhoA.
An alternative possibility, however, is that
effective phosphorylation of T678 (and thus
activation toward RhoA) requires S885
phosphorylation even in the presence of ac-
tive ERK. To test this possibility we gener-
ated a GEF-H1 molecule with a phosphomi-
metic mutation at T678 (GEF-H1T¢78D) As
expected, this mutant showed enhanced
precipitation with RhoA(G17A) compared
with WT (Figure 8D), verifying that phos-
phorylation of this site mediates activation
of GEF-H1 toward RhoA. Elimination of the
S885 site by introducing an S885A mutation
did not seem to alter this enhanced activity,
as indicated by comparable precipitation of
the T678D single and the T678D/S885A
double mutants by RhoA(G17A). Taken
together, our data suggest that S885
phosphorylation regulates TNF-o—induced
GEF-H1 activation toward RhoA possibly
through both direct and indirect effect(s)
(see Discussion).

TNF-o. enhances epithelial

wound healing through TACE,

ERK, and GEF-H1

We earlier showed that TNF-a accelerates
migration of tubular epithelial cells in a
wound-healing assay (Szaszi et al., 2012).
Of importance, Rho-family small GTPases
play key roles in cell migration, and GEF-H1
was also implicated in this process (Nalbant
et al., 2009; Tsapara et al., 2010; Spiering
and Hodgson, 2011; Tonami et al., 2011;
Cheng et al., 2012). Therefore we next
asked whether TNF-o—-induced activation
of GEF-H1 plays a role in enhanced epithe-
lial cell migration in TNF-o~treated cells.
We used an electric cell-substrate imped-
ance sensing (ECIS)-based wound healing
assay that allows real-time quantification of
cell migration-dependent repopulation of
an injured area within the epithelial layer
(Keese et al., 2004; Szaszi et al., 2012). In
ECIS, cells grown on gold electrodes are
continuously exposed to small, biologically
inert AC currents to determine the imped-
ance and the capacitance (C) of the system
(Wegener et al., 2000). The value of C mea-
sured at 32 kHz reflects confluence of the
cells on the electrode and can be used to
follow wound healing. LLC-PK; cells were
plated on the electrodes and monitored us-
ing ECIS. The value of C measured at 32
kHz drops as the cells grow to confluence
(Figure 9, A, C, and D) and reaches a mini-
mum around 1 nF when confluence is
reached. After confluence was reached, a
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FIGURE 6: TNF-a-induced Rac activation and stimulation of GEF-H1 toward Rac do not require
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for 15 min, followed by addition of 10 ng/ml TNF-a. for 5 min (A, C) or 2 min (B, D). In Aand C,
active Rac was precipitated using GST-PBD. In B and D, active GEFs were precipitated using
GST-Rac(G15A), and GEF-H1 was detected by Western blotting. Densitometric analysis was
done as described. The graphs show mean + SE from n =4 (A-C) or 3 (D) independent

experiments.

wound was generated in the layer by exposing the cells to an ele-
vated current pulse. Cell death and the lifting up of the cells from
the surface is indicated by the immediate increase in C, which is
followed by a gradual decrease of C as cells migrate into the
wounded area to regenerate the intact monolayer (Figure 9). Of
importance, TNF-o added at the time of wounding enhanced the
regeneration of the monolayer, as indicated by ~25% reduction in
the half-recovery time (see quantification in Figure 9, B and E). To
test whether GEF-H1 is required for the TNF-a~induced stimula-
tion of wound healing, we transfected cells with NR or GEF-H1-
specific siRNA. Silencing of GEF-H1 reduced basal (unstimulated)
wound healing, in accordance with the previously reported role of
GEF-H1 in cell migration (Figure 9, A and B). Of importance, TNF-o.
failed to enhance wound healing when GEF-H1 was silenced. Simi-
lar to GEF-H1 silencing, inhibition of TACE using TAPI-1 (Figure 9,
C and E) and ERK using PD98059 (Figure 9, D and E) slowed wound
healing and prevented stimulation by TNF-o.. Taken together, these
data suggest that GEF-H1 is key in mediating TNF-a~induced en-
hanced wound healing, likely through both TACE regulation and
RhoA activation.
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the EGFR through ADAM family enzymes
that release EGFR ligands, including HB-
EGF, transforming growth factor-o,, and am-
phiregulin (Liebmann, 2011). Here we show
that TNF-a. activates ADAM17/TACE in tu-
bular cells. Because the substrates of TACE
include pro-TNF-o. and the TNF receptors
(Black et al., 1997; Moss et al., 1997; re-
viewed in Wajant et al., 2003), TNF-o~
induced activation of this enzyme could
represent a significant feedback step. TACE
is believed to be regulated by translocation to the membrane,
where it cleaves substrates (Schlondorff et al., 2000; Soond et al.,
2005), and through phosphorylation by ERK, PDK1, Src and p38
(Diaz-Rodriguez et al., 2002; Soond et al., 2005; Zhang et al., 2006;
Xu and Derynck, 2010; Scott et al., 2011). Here we show that
GEF-H1 and Rac regulate TACE through p38. Rac is also a major
regulator of NADPH oxidase (Miyano and Sumimoto, 2007) and
could potentially affect TACE through TNF-a~induced reactive oxy-
gen species generation; however, this remains to be tested. Of in-
terest, we found that RhoA silencing also reduced TACE activity.
Although this could be partly due to reduced GEF-H1 expression
caused by RhoA silencing, p38 activation under these conditions
was only slightly decreased (unpublished data), suggesting that Rac
and RhoA might regulate TACE through different mechanisms.
RhoA might exert its effect through the cytoskeleton or by regulat-
ing translocation of the enzyme. In colonic epithelial cells TACE
conveys TNF-o—~induced survival signals (Hilliard et al., 2011). Of
interest, TACE activation in these cells is MEK dependent but p38
independent (Liebmann, 2011). The exchange factor mediating
TNF-a~induced Rac activation might also be cell type dependent:

TNF-o con TNF-o
AG1478
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FIGURE 7: Differential role of the GEF-H1 T678 and S885 phosphorylation sites in GEF-H1
activation toward Rac and RhoA. LLC-PK; cells were transfected with GFP-tagged wild-type
GEF-H1 (GEF-H1"T) or the nonphosphorylatable point mutant GEF-H1T¢784 or GEF-H 158854 as
indicated. At 48 h posttransfection, cells were treated with 10 ng/ml TNF-o. (5 min), and
activated GEFs were precipitated using RhoA(G17A) (A, C) or Rac(G15A) (B, D). The GFP-tagged
GEF-H1 protein was detected by Western blotting using anti-GFP. The blots were quantified as
described earlier. The graphs show mean + SE from n=4 (A, D) or 3 (B and C) independent

experiments.

in fibroblasts, TNF-o—induced Rac and cdc42 activation were shown
to be mediated by Vav (Kant et al., 2011).

GEF-H1 is activated by physical stimuli, including mechanical
force and hyperosmolarity (Birukova et al., 2010; Waheed et al.,
2010; Guilluy et al.,, 2011; Heck et al., 2012; Nie et al., 2012; Ly
et al., 2013), and its overexpression leads to cell transformation
(Mizuarai et al., 2006) and promotes migration (Nalbant et al., 2009;
Liao et al., 2012). When the results are taken together, it is conceiv-
able that GEF-H1 is a central signaling hub for EGFR transactivation
induced by a variety of stimuli. Such a role of GEF-H1 warrants fur-
ther exploration.

TNF-o traditionally was viewed as a proinjury cytokine, but a
more complex picture is starting to emerge. In many epithelial cells
TNF-o: promotes survival and proliferation, possibly due to transac-
tivation of ErbB family receptors (Argast et al., 2004; Yamaoka et al.,
2008; Hilliard et al., 2011; Kakiashvili et al., 2011). Here we show that
TNF-o enhances epithelial migration in a wound-healing assay. Of
importance, this effect requires GEF-H1, as well as TACE and ERK.
Thus, GEF-H1 might affect cell migration both as a regulator of
TACE and EGFR transactivation and through ERK-dependent RhoA

1076 | F Waheed et al.

vation, is not needed for Rac activation. In
contrast, surprisingly, Rac is upstream from
the T678 phosphorylation. S885 phosphory-
lation is a prerequisite for both TNF-o-
induced Rac and RhoA activation. Mass
spectrometry analysis, as well as Western
blotting with a phospho-5885-specific anti-
body, revealed that S885 is phosphorylated
both in unstimulated and TNF-o—stimulated
cells, with a trend for enhanced S885 phosphorylation in TNF-0—
treated cells. Of importance, a nonphosphorylatable mutant of S885
no longer showed enhanced association with the nucleotide-free
Rac(G15A) upon TNF-a stimulation. This mutant was also not acti-
vated toward RhoA by TNF-a: and showed reduced activation upon
p38-induced stimulation of the ERK pathway, which is independent
of Rac. These data imply that the S885 site might have a direct role
in GEF-H1 activation toward RhoA. Of interest, we found that intro-
ducing an S885A mutation into an active GEF-H1 containing a phos-
phomimetic mutation at T678 (GEF-H1T¢78D/58854) dlid not reduce its
activity toward RhoA. Thus, it is very likely that the natural phospho-
rylation of T678 depends upon the S885 site not only because of the
demonstrated indirect effect (through ERK), but also through an ad-
ditional (direct) effect. Our future work will address this.

When the results are taken together, the S885 site seems to play
a central role in GEF-H1 activation. Indeed, this site was shown to be
phosphorylated by many kinases, including PAK1, PAK4, Aurora A,
Par1b/MARK2, and PKA (Zenke et al., 2004; Callow et al., 2005;
Birkenfeld et al., 2007; Meiri et al., 2009; Yamahashi et al., 2011).
It was also suggested to regulate binding to microtubules
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FIGURE 8: (A, B) Differential role of T678 and S885 in TNF-o~induced
ERK activation. (A) LLC-PK; cells grown in é6-cm dishes were
transfected with 100 nM NR or GEF-H1-specific siRNA and 24 h later
with GFP-GEF-H1T678A or GFP- GEF-H1T585A along with HA-ERK2.

(B) Cells were transfected with GEF-H1 shRNA along with HA-ERK
with or without GFP- GEF-H17¢784 or GFP- GEF-H1T5885A, Details of
the transfection are described in Materials and Methods. Cells were
treated with 10 ng/ml TNF-o. as indicated, and HA-ERK was
immunoprecipitated and its phosphorylation detected using Western
blotting as in Figure 2D. GEF-H1 and GFP were also detected in the
cell lysates to assess down-regulation of endogenous GEF-H1 and
expression of the GFP-tagged mutants. (C, D) Role of $885 in GEF-H1
activation toward RhoA. LLC-PK; cells were transfected with
GFP-GEF-H1WT, GFP-GEF-H15885A, or GFP-GEF-H 17670 (labeled as TD)
or GFP-GEF-H1T678D/5885A (|abeled as TD/SA) as indicated. Activated
GFP-GEF-H1 was precipitated using RhoA(G17A) and detected by
Western blotting with anti-GFP, as described earlier. In C, p38 in the
cell lysates was also detected. Note that the transfected FLAG-
tagged p38 is visualized as an additional, higher band (see arrows).
Throughout the figure representative blots of three independent
experiments are shown.

(Zenke et al., 2004; Callow et al., 2005). In line with our present find-
ings, Callow et al. (2005) showed that expression of a phosphoryla-
tion-incompetent mutant of the S810 site in the short splice variant
GEF-H1M (analogous to $885 in the full protein) reduced the abun-
dance of stress fibers in fibroblasts. Further, a phosphomimetic
S885D mutant showed enhanced RhoA activation (Birkenfeld et al.,
2007). However, S885 phosphorylation is likely not the only switch
turning on the protein. S959 (Birkenfeld et al., 2007), S143, and S3
(Callow et al., 2005; Yoshimura and Miki, 2011) were also implicated
in GEF-H1 regulation. Of interest, single $885 mutants seem to show
opposite effects to those of double mutants of S885 and S959, sug-
gesting a collaboration between these sites (Birkenfeld et al., 2007,
Yamahashi et al., 2011). Overall it is likely that differential single or
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double phosphorylation/dephosphorylation of these sites and T678
can fine-tune the RhoA and Rac exchange activities of GEF-H1. The
potential role of other serine sites and kinases targeting them in
TNF-o—induced GEF-H1 activation remains to be established.

Finally, our study demonstrates a hierarchical relationship between
TNF-0~induced Rac and RhoA activation in tubular cells. This con-
cept is in line with the pioneering studies of Alan Hall and his group
showing that active Rac in fibroblasts stimulates RhoA (Ridley et al.,
1992; Nobes and Hall, 1995). Our findings provide a possible mecha-
nism for a hierarchy between Rac and RhoA: GEF-H1-dependent Rac
activation regulates the RhoA exchange activity of GEF-H1 by con-
trolling its ERK-mediated T678 phosphorylation (Figure 10). In many
cells Rac and RhoA activities were reported as mutually antagonistic
or spatially restricted (e.g., Rac in the front, RhoA in the back of mi-
grating cells). However, a more complex picture is emerging, sug-
gesting that activation of the two GTPases can spatiotemporally co-
exist, for example, at the lamellipodium (Kurokawa et al., 2005; Pertz
etal., 2006, 2011). Such context-dependent fine tuning requires tight
pathway-specific control of regulators. This work provides a promi-
nent example for a mechanism that can achieve differential regula-
tion, coordination, and coupling of activities of a single GEF toward
Rac and Rho, likely contributing to complex functions such as epithe-
lial sheet migration. Understanding such mechanisms could help in
the development of strategies to selectively affect Rac- or RhoA-
specific activation of GEFs.

MATERIALS AND METHODS

Chemicals and antibodies

PD98059, SB203580, AG1478, TAPI-1, and calyculin A were from
EMD Biosciences (Mississauga, Canada). TNF-o was from Sigma-
Aldrich (St. Louis, MO). Bovine serum albumin (BSA) was from Bio-
Shop Canada (Burlington, Canada). The Complete Mini Protease
inhibitor and PhosSTOP Phosphatase Inhibitor tablets were from
Roche Diagnostics (Laval, Canada).

Antibodies against the following proteins were used: RhoA,
GEF-H1 (55B6), Rac1/2/3, p38, phospho-p38 (Thr-180/Tyr-182),
GFP, EGFR, phospho-EGFR (Y845), and IkBo. from Cell Signaling
Technology (Danvers, MA); TACE and phospho-S885-GEF-H1
(ab94348) from Abcam (Cambridge, MA); phospho-p44/42 mito-
gen-activated protein kinase (MAPK; ERK1/2; Thr-202/Tyr-204),
p44/42 MAPK (ERK1/2), and p65 NFkB from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA); glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) from EMD Biosciences; HA tag from Covance (Princeton,
NJ); and tubulin from Sigma-Aldrich. Peroxidase- and Cy3-labeled
secondary antibodies were from Jackson ImmunoResearch (West
Grove, PA). HA-tag antibody coupled to agarose beads was from
Santa Cruz Biotechnology. 4’,6-diamidino-2-phenylindole (DAPI)
nucleic acid stain was from Invitrogen (Burlington, Canada).

Cells and cell treatment

LLC-PK}, a kidney proximal tubule epithelial cell line (clones 101 and
4; Kakiashvili et al., 2009) and NRK-52-E cell lines (American Type
Culture Collection, Manassas, VA) were used. Cells were maintained
in low-glucose (for LLC-PK1) or high-glucose (NRK) DMEM supple-
mented with 10% fetal bovine serum and 1% antibiotic suspension
(penicillin and streptomycin; Invitrogen) in an atmosphere contain-
ing 5% CO,. Confluent cells were serum depleted for at least 3 h in
DMEM before the experiments.

The Na* medium used for the experiments exploring the effects
of depolarization contained 130 mM NaCl, 3 mM KCl, T mM MgCl,
1 mM CaCly, 5 mM glucose, and 20 mM 4-(2-hydroxyethyl)-1-pip-
erazineethanesulfonic acid (HEPES) (pH 7.4), and the K* medium
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The following porcine sequences were tar-
geted by the siRNAs.

GEF-H1: #1, AACAAGAGCATCACAGC-
CAAG (Kakiashvili et al.,, 2009; Waheed
et al., 2010), and #2, AACGGGCATCTCT-
TCACCACC (porcine specific).

Rac 1/2: #1, AAATACCTGGAGTGCTC-
GGCG, and #2, UCGAGAAACUGAAGGA-

Con TNF-o  Con TNF-a  Con

TNF-a

TAPI PD98059

FIGURE 9: TNF-o. enhances epithelial migration through GEF-H1, TACE, and ERK.

(A, B) GEF-H1 mediates TNF-a~induced enhanced migration. LLC-PK; cells were transfected
with NR or GEF-H1-specific siRNA and 24 h later plated into wells of an ECIS 8W1E array and
grown with continuous measurement of C at 32 kHz until confluence was reached (indicated by
C reaching its minimum value). Next a wound was generated by applying an elevated voltage
pulse. Where indicated, before wounding the cells were treated with 20 ng/ml TNF-o.. Recovery
of the layer was monitored by measuring C at 32 kHz. Typical recovery curves are shown. The
graph in B shows the half-recovery times for each condition, calculated as described in Materials
and Methods. Values for the controls were taken as unity, and the other conditions were
expressed as fold changes. Mean + SEM of n = 4 independent experiments performed in
duplicate. Note that although the trend was detectable in all experiments, the combined data
do not reach statistical significance. (C-E) TACE and ERK are required for TNF-o—induced
enhanced migration. Wound-healing assays using LLC-PK; cells were performed as described.
Where indicated, before wounding the cells were treated with 20 ng/ml TNF-o. with or without
10 pM TAPI-1 or PD98059. In E, half-recovery times are shown (mean + SEM of n=4

independent experiments, performed in duplicate).

contained 130 mM KCI, 1 mM MgCl,, 1T mM CaCl,, 5 mM glucose,
and 20 mM HEPES (pH 7.4).

Vectors

The vectors used were kind gifts from the following investigators:
cDNAs encoding for the GST-RBD portion of Rhotekin, the
GST-PBD portion of Pak, GST-RhoA(G17A), and GST-Rac(G15A)
(Garcia-Mata et al., 2006) from K. Burridge (University of North
Carolina, Chapel Hill, NC); active pCMV-FLAG p38-a. (Flag-p38)
from R. J. Davis (University of Massachusetts, Worcester, MA;
Raingeaud et al., 1995); myc-RacT17N, a dominant-negative
Rac (DN-Rac), and pCMV5-HA3-WT-GEF-H1 (HA-GEF-H1)
were from G. Bokoch (Scripps Institute, La Jolla, CA; Zhang
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GAA.

TACE: #1, GGUGAAAGGCACUACAAUA-
UU, and #2, UAUUGUAGUGCCUUUCAC-

CUU.
RhoA, AAAGCAGGTAGAGTTGGCTTT (Ly
etal., 2013).

The siRNAs were obtained from Applied
Biosystems/Ambion (Austin, TX) or Thermo-
Scientific/Dharmacon (Lafayette, CO). All
experiments using Rac, GEF-H1, and TACE
silencing in LLC-PK; cells were performed
with two different siRNAs, and the data ob-
tained were pooled. TACE in NRK cells was
silenced using a predesigned and validated
ON-TARGETplus siRNA from ThermoScien-
tific/Dharmacon. Cells were transfected with
100 nM siRNA oligonucleotide using the Li-
pofectamine RNAIMAX Transfection Reagent (Invitrogen) according
to the manufacturer’s instructions. Control cells were transfected
with 100 nM Silencer siRNA negative control # 2 (NR siRNA; Applied
Biosystems/Ambion).

For the porcine-specific sShRNA plasmid, two complementary oli-
gonucleotides were generated: the porcine GEF-H1-specific se-
quence GCTATACCAACGGGCATCT and the hairpin loop sequence
TTCAAGAGA and restriction site overhangs to allow directional
cloning into the BamH1 and Xho1 sites of the pRNAT-CMV3.2 ex-
pression vector (GenScript, Piscataway, NJ). The two strands were
annealed and ligated to the cut and purified vector. Positive clones
were purified and sequenced. Empty pRNAT vector was used for
control.
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FIGURE 10: The proposed mechanism of TNF-a~induced TACE and
subsequent EGFR/ERK/GEF-H1/RhoA activation.

Transient transfection

LLC-PK; cells were transiently transfected with DNA vectors using
FUGENE 6 (Roche Molecular Biochemicals, Indianapolis, IN;
or Promega, Madison, WI) or jetPRIME transfection reagent
(Polyplus-Transfection, New York, NY), according to the manufac-
turers’ instructions. Unless otherwise indicated, experiments were
performed 48 h after transfection. The levels of the silenced pro-
teins were routinely checked by Western blotting.

The following DNA concentrations were used for transfecting
10-cm dishes using FUGENE 6: 2 pg of HA-ERK with or without 5 ug
of DN-Rac or active p38; or 6 pg of WT or mutant GFP-GEF-H1; or
5 pg of HA-GEF-H1. For expression of DNA vectors along with si-
lencing of endogenous GEF-H1, two different protocols were used,
which allowed efficient silencing and protein expression without sig-
nificant cell toxicity. In a sequential transfection protocol, LLC-PK1
cells were transfected with the porcine-specific GEF-H1 siRNA #2
using Lipofectamine RNAIMAX, as described. Twenty-four hours
later, cells were transfected with human GFP-GEF-H1588A or GFP-
GEF-H1Té784 along with HA-ERK2 using FUGENE 6, as described,
and experiments were performed 1 d later. In some experiments a
cotransfection protocol was followed. The jetPRIME transfection re-
agent was used to cotransfect siRNA and DNA vectors, as well as
the shRNA vector and other DNA-based vectors. The following
shRNA and DNA concentrations were used for 6-cm dishes: 3 pg of
empty pRNAT vector or GEF-H1-specific shRNA along with 1.0 ug
of HA-ERK-2.

MMP activity assay

MMP activity was measured as in Ge et al. (2009). LLC-PK; or NRK
cells were grown to confluence, treated as indicated in the respec-
tive figure legends, and lysed using a buffer containing 150 mM
NaCl, 50 mM Tris-HCl, 0.1% SDS, 1% sodium deoxycholate, 1%
Nonidet P40, and 1% Triton X-100, pH 7.4, supplemented with Mini
Protease Inhibitor Tablet (Roche Diagnostics). The lysates were clari-
fied by centrifugation at 16,000 x g for 20 min, and the supernatants
were collected. TACE activity was followed using the Fluorigenic
Peptide Substrate Il (Mca-Pro-Leu-Ala-GIn-Ala-Val-Dpa-Arg-Ser-
Ser-Ser-Arg-NH2; R&D Systems, Minneapolis, MN). This peptide
contains the TACE-specific cleavage site Ala-Val and becomes fluo-
rescent after cleavage. Samples containing 10 pg of protein from
each supernatant were incubated with the fluorigenic substrate for
3 h at room temperature in an assay buffer (50 mM Tris-HCl, pH 7.4,
25 mM NaCl, 4% glycerol, and protease inhibitors), and the fluores-
cence was measured using a SpectraMax M5e plate reader (Mole-
cular Devices, Sunnyvale, CA) at 320-nm excitation and 405-nm
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emission wavelengths. Samples incubated for 3 h with the fluori-
genic peptide without cell lysates were used to determine the back-
ground, which was subtracted from all values.

Preparation of GST-fusion proteins

Preparation of GST-RBD (amino acids 7-89 of Rhotekin) and GST-
PDB (p21-binding domain of PAK1), GST-RhoA(G17A), and GST-
Rac(G15A) has been described (Di Ciano-Oliveira et al., 2003;
Waheed et al., 2012). Protein bound to the beads was estimated by
SDS-PAGE, followed by Coomassie blue staining, and the beads
were kept at 4°C for immediate use or stored frozen in the presence
of glycerol.

Rac and Rho activity assays

Active (GTP-bound) Rac and RhoA were captured using GST-PBD or
GST-RBD, respectively, as described (Sebe et al., 2008; Kakiashvili
et al., 2009). Briefly, confluent LLC-PK; cells grown on 6- or 10-cm
dishes were treated as indicated in the respective figure legends.
Cells were lysed with ice-cold buffer. The Rac assay buffer contained
25 mM HEPES (pH 7.5), 150 mM NaCl, 1% NP-40, 10% glycerol,
10 mM MgCly, T mM EDTA, 1 mM NazVOy, T mM phenylmethylsul-
fonyl fluoride (PMSF), 25 mM NaF, and protease inhibitors. The
RhoA assay buffer contained 100 mM NaCl, 50 mM Tris base
(pH 7.6), 20 mM NaF, 10 mM MgCly, 1% Triton X-100, 0.5% deoxy-
cholic acid, 0.1% SDS, 1 mM Na3VOy, and protease inhibitors. After
centrifugation, aliquots for determination of total Rac or RhoA were
removed. The remaining supernatants were incubated at 4°C for
45 min with 20-25 pg of GST-RBD or GST-PBD beads, followed by
extensive washing. Total cell lysates and the RBD- or PDB-captured
proteins were analyzed by Western blotting using Rac1/2/3 or RhoA
antibody. Results were quantified by densitometry.

Affinity precipitation of activated GEFs

Active GEFs were affinity precipitated from cell lysates using the
Rac(G15A) or RhoA(G17A) mutant, which cannot bind nucleotide
and therefore has high affinity for activated GEFs (Garcia-Mata
et al., 2006), as in our earlier work (Kakiashvili et al., 2009; Waheed
et al, 2010). This method is described in a video protocol
(Waheed et al., 2012). GEF-H1 in the precipitates was detected by
Western blotting. Precipitation with glutathione-Sepharose beads
containing no fusion proteins resulted in no GEF-H1 precipitation
(Kakiashvili et al., 2009). GEF-H1 in total cell lysates was also
detected for each sample (total GEF-H1). Precipitated (active) and
total GEF-H1 were quantified by densitometry.

Immunoprecipitation

To assess phosphorylation of HA-ERK2, we transfected LLC-PK;
cells in 10-cm dishes with HA-ERK2 with or without cotransfections,
as described for the specific experiments. Forty-eight hours later the
cells were serum depleted and treated as indicated in the corre-
sponding figure legends. Cells were lysed with the lysis buffer used
for preparing Western blotting samples, and HA-tagged ERK was
precipitated using 20 pl of HA antibody coupled to agarose beads
for 1 h at 4°C. The precipitates were washed and eluted in sample
buffer, then subjected to Western blot analysis using anti-phospho-
ERK and anti-HA. Control experiments in which lysates from non-
transfected cells were used verified the specificity of the immuno-
precipitation. For exploring the phosphorylation of HA-GEF-H1 the
lysis buffer was also supplemented with 10 nM calyculin (Kakiashvili
etal., 2009). HA-GEF-H1 transfection and precipitation was done as
for HA-ERK. Phosphorylation of S885 of the precipitated protein
was tested using anti-phospho-S885 GEF-H1.
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Western blotting

After treatment, cells were lysed on ice with cold lysis buffer contain-
ing 100 mM NaCl, 30 mM HEPES (pH 7.5), 20 mM NaF, 1 mM eth-
ylene glycol tetraacetic acid, and 1% Triton X-100, supplemented
with T mM Na3VOy,, 1 mM PMSF, and Mini Protease Inhibitor Tablet
(Roche Diagnostic). For the detection of phosphoproteins the lysis
buffer was also supplemented with PhosSTOP phosphatase inhibi-
tor (Roche Diagnostic). Protein concentration was determined by
the bicinchoninic acid assay (Pierce Biotechnology, Rockford, IL)
with BSA used as standard. SDS-PAGE and Western blotting was
performed as in Kakiashvili et al. (2009). Blots were blocked in Tris-
buffered saline containing 3% BSA and incubated with the primary
antibody overnight. Antibody binding was visualized with the cor-
responding peroxidase-conjugated secondary antibodies and the
enhanced chemiluminescence method (kit from GE Healthcare Life-
sciences, Piscataway, NJ). Where indicated, blots were stripped and
reprobed to demonstrate equal loading or detect levels of down-
regulated proteins. Because the phospho-ERK (pERK) antibody
proved difficult to strip, those blots were first developed using total
ERK antibody, followed by reprobing with pERK. Data were quanti-
fied using densitometry.

Densitometry

Films with nonsaturated exposures were scanned and densitometry
analysis performed using a GS-800 calibrated densitometer
and the “band analysis” option of Quantity One software (Bio-Rad,
Hercules, CA) as described previously (Waheed et al., 2010). In
each assay the amount of the investigated protein species was nor-
malized to the appropriate control (e.g., active RhoA to total RhoA,
active GEF-H1 to total GEF-H1, pERK to total ERK protein, etc).
Because the basal levels of many investigated proteins were often
either undetectable or just slightly above the background, to
achieve accurate and stringent comparison, signals were expressed
relative to the response detected in stimulated cells, taken as
100%, as described in the figure legends.

ECIS-based wound-healing assay

Wound healing was quantified using the ECIS Ztheta system
(Applied Biophysics, Troy, NY), as in Szaszi et al. (2012). LLC-PK;
cells were plated in wells of an 8W1E array (2 x 10° cells/well in
400 pl of culture medium). In experiments in which GEF-H1 was si-
lenced, LLC-PK; cells were transfected with the NR or GEF-H1-spe-
cific siRNA using Lipofectamine RNAIMAX, as described, and 24 h
later the cells were trypsinized, counted, and plated on the elec-
trode. In all experiments, after plating on the electrode, the cells
were grown for 20-24 h to reach confluence, as indicated by the
drop in C measured at 32 kHz. Next a wound was generated in the
monolayer by applying a 3-mA, 32-kHz voltage pulse for 20 s, and
recovery of the layer was monitored by measuring C at 32 kHz. To
quantify and compare wound healing, the half-recovery time was
calculated for each curve, as in Szaszi et al. (2012). Briefly, the differ-
ence in the C values at the last time point before wounding and the
first time point after wounding was calculated and taken as the total
wounding (100%). Next the recovery percentage was calculated at
each time point from the highest C value (taken as 0% recovery) and
plotted against the time from wounding (taken as O h). The 50% re-
covery time for each curve was determined, and expressed as fold
from the control, taken as 1.

Immunofluorescence microscopy
Confluent cells grown on coverslips were treated as indicated in the
corresponding figure legend and fixed with 4% paraformaldehyde.
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Immunofluorescence staining was carried out as in Kakiashvili et al.
(2009). Briefly, after permeabilization with 0.1% Triton X-100, the
coverslips were blocked with 3% BSA in phosphate-buffered saline.
Next cells were incubated with anti-p65 NFxB (1:100). Bound anti-
body was detected using the corresponding fluorescent secondary
antibody (1:1000), which also contained DAPI to counterstain nuclei.
All samples were viewed using an Olympus [X81 microscope
(Melville, NY) coupled to an Evolution QEi Monochrome camera
(Media Cybernetics, Bethesda, MD).

Statistical analysis

All shown blots are representatives of at least three similar experi-
ments. Data are presented as mean * SE of the number of experi-
ments indicated (n). Statistical significance was assessed by one-
way analysis of variance with Newman-Keuls posttesting or
Student’s t test, as appropriate, using Prism (GraphPad Software, La
Jolla, CA). For clarity on the figures only the most important signifi-
cant differences are indicated: *p < 0.05, **p < 0.01, ***p < 0.001,
ns, nonsignificant.
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