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ABSTRACT Ras-related small GTP-binding proteins control a wide range of cellular processes
by regulating a variety of effector pathways, including prominent roles in the control of mito-
gen-activated protein kinase (MAPK) cascades. Although the regulatory role(s) for many Ras
family GTPases are well established, the physiological function for the Rit/Rin subfamily has
been lacking. Here, using both knockout mice and Drosophila models, we demonstrate an
evolutionarily conserved role for Rit subfamily GTPases (mammalian Rit and Rin, and the
Drosophila RIC homologue) in governing survival in response to oxidative stress. Primary
embryonic fibroblasts derived from Rit knockout mice display increased apoptosis and selec-
tive disruption of MAPK signaling following reactive oxygen species (ROS) exposure but not
in response to endoplasmic reticulum stress or DNA damage. These deficits include a reduc-
tion in ROS-mediated stimulation of a p38-MK2-HSP27 signaling cascade that controls Akt
activation, directing Bad phosphorylation to promote cell survival. Furthermore, D-RIC null
flies display increased susceptibility to environmental stresses and reduced stress-dependent
p38 signaling, extending the Rit-p38 survival pathway to Drosophila. Together, our studies
establish the Rit GTPases as critical regulators of an evolutionarily conserved, p38 MAPK-
dependent signaling cascade that functions as an important survival mechanism for cells in
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response to oxidative stress.

INTRODUCTION

Cells are constantly exposed to a variety of environmental stresses,
including oxidative stress, y-irradiation, and endoplasmic reticulum
(ER) stress. Aerobic organisms are constantly exposed to reactive
oxygen species (ROS), and ROS is known to influence a range of
physiological processes, from cell survival to aging (Beckman and
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Ames, 1998; Chong et al., 2005). However, generation of ROS be-
yond a cell's antioxidant capacity results in oxidative stress and leads
to molecular and cellular damage. Indeed, excessive ROS contrib-
utes to the pathogenesis of numerous human diseases, and the abil-
ity to adapt to oxidative stress is critical for cell and tissue survival.
ROS-activated signaling mechanisms have evolved to promote
cell survival and homeostasis in response to oxidative damage
(Trachootham et al., 2008; Runchel et al., 2011). Hydrogen peroxide
exposure activates all of the conventional mitogen-activated protein
kinases (MAPKs), with ROS-mediated ERK and ERK5 activation as-
sociated with cell growth and survival, whereas inhibition of JNK
and p38 signaling suppresses apoptosis induced by an array of cel-
lular stresses (Runchel et al., 2011). However, in addition to modulat-
ing apoptotic signaling, both p38 and JNK kinase pathways func-
tion in a context-specific manner to regulate cell growth,
differentiation, and migration (Kyriakis and Avruch, 2001; Pearson
et al., 2001; Wagner and Nebreda, 2009). The contribution of p38
signaling to these processes is complex, considering the established
roles for p38 in the modulation of both apoptosis and cell survival.
p38 acts by directly phosphorylating cellular targets, but also by
regulating the activity of a collection of subordinate kinases (Roux
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and Blenis, 2004), which in turn control additional cellular substrates,
including transcription factors and small heat shock proteins (HSPs;
Kostenko and Moens, 2009). Ultimately, the cellular balance be-
tween the duration and strength of MAPK signaling appears key to
determining cell fate, although the molecular mechanisms that con-
trol whether oxidative stress-mediated signaling results in pro-
grammed cell death or recovery remain incompletely understood.

Ras-related small GTP-binding proteins function as molecular
switches to control a wide range of physiological processes through
the regulation of diverse effector pathways, including the MAPK and
Akt signaling cascades. Although the regulatory role of many Ras
family GTPases is well established, there are a large number of “or-
phan” GTPases whose physiological functions remain to be deter-
mined (Colicelli, 2004). This is particularly true within the Ras branch,
in which structurally related GTPase proteins, despite often sharing
common downstream effector targets and overlapping regulatory
modulators, have been found to play nonredundant cellular func-
tions (Reuther and Der, 2000; Raaijmakers and Bos, 2009). Studies in
primary neurons established that Rit activates signaling pathways
that control axonal and dendritic morphology (Lein et al., 2007;
Andres et al., 2008), whereas analysis in pheochromocytoma cell
lines demonstrated a role for Rit signaling in the regulation of neural
differentiation and survival (Spencer et al., 2002; Shi and Andres,
2005; Shi et al., 2010, 2011); however, the principal physiological
function of Rit remained uncharacterized. Here, using a genetic ap-
proach, we identify a fundamental role for the Rit GTPase in stress-
activated MAPK regulation and prosurvival signaling. Rit deficiency
renders primary fibroblasts susceptible to apoptosis and leads to a
selective disruption of MAPK and Akt signaling cascades following
oxidative-stress exposure. The prosurvival effect of Rit is likely due in
part to its ability to activate a p38-dependent MK2-HSP27-Akt sig-
naling cascade. We also find that Rit signaling is evolutionarily con-
served, contributing to stress response signaling in Drosophila. Flies
lacking the RIC GTPase, a Rit orthologue, are sensitive to a variety
of environmental stresses, a phenotype that overlaps those caused
by deletion of D-p38. Taken together, our studies define a funda-
mental and evolutionarily conserved signaling link between the Rit
GTPase and p38-Akt kinase cascade, revealing a critical prosurvival
role for this cascade in cells adapting to oxidative stress.

RESULTS

Drosophila RIC GTPase signaling is required

for environmental stress responses

The restricted number of small GTP-binding proteins expressed
in Drosophila has made it a valuable model for analyzing the
physiological roles of Ras family GTPases. Whereas vertebrates
express 35 members of the Ras subfamily, Drosophila express
only 14 orthologues, including RIC, which shares a G2-effector
domain and >65% amino acid identity with the vertebrate Rit
and Rin GTPases (Wes et al., 1996; Shao et al., 1999; Colicelli,
2004). To address the physiological function of RIC signaling in
vivo, we generated a series of D-Ric null strains by imprecise ex-
cision of a nearby transposon (P{RS5}5-HA-1205; Ryder et al.,
2004), which is located 40 base pairs downstream of the pre-
sumed transcriptional start site and 128 base pairs upstream of
the D-Ric CDS (Figure 1A). This work generated a series of al-
leles, including two strains (Ric1 and Ric2) with deletions of
2.1 and 1.1 kb removing all, or most, of the D-Ric locus, respec-
tively, but leaving the flanking genes intact as determined by
direct sequencing. Lines carrying precise excisions of the original
P-element and restoring D-Ric structure (Ric®'®) were recovered and
used as control strains.
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D-Ric null flies are viable and fertile and display no apparent de-
fects in patterning or apoptosis in developing embryonic or larval
tissues. On the basis of a suggested role for Rit signaling in cell
survival (Spencer et al., 2002), we tested the susceptibility of D-Ric
mutants to a variety of environmental stresses. Adult D-Ric mutants
showed a reduced resistance to osmotic stress (n = 120 per geno-
type; similar results were observed at three different sodium chlo-
ride concentrations), to 37°C heat shock (average of three trials, with
n =120 per genotype per trial), to dry starvation (average of three
trials, with n = 200 per genotype per trial), and to oxidative stress
(hydrogen peroxide [H,05]) (average of two trials; with n = 90 per
genotype per trial), suggesting a role for RIC in stress response sig-
naling (Figures 1, B-E). These findings are reminiscent of those ob-
served in D-p38a null flies (Craig et al., 2004), in which D-p38a mu-
tants are susceptible to certain environmental stresses but show no
observable developmental defects. Direct analysis of homozygous
D-Ric and D-p38a knockout flies yielded approximately the same
reduction in viability following stress exposure in both mutant strains
(Figure 1, G-H). To examine whether Ric signaling contributes to
p38 MAPK activation in Drosophila, D-Ric mutants were exposed to
37°C heat shock and subjected to anti—phospho-specific p38 im-
munoblotting (Figure 1F). Ric knockout altered both the amplitude
and duration of p38 activation in response to heat when compared
with the kinetics of p38 activation in Ric™® animals. Together these
data provide genetic evidence that RIC signaling promotes survival
in response to cellular stress in a manner that cannot be comple-
mented by other Drosophila Ras family GTPases and suggest that
p38 signaling contributes to this process.

Selective vulnerability to oxidative stress in Rit™~ fibroblasts
To examine the physiological role of Rit signaling, we generated a
Rit1 knockout mouse (Figure 2). Rit null mutant mice were born at
the expected Mendelian ratio and grew to adulthood without show-
ing any discernible abnormalities. Examination of various tissues did
not reveal any gross morphological or anatomical abnormalities,
suggesting that Rit protein is not essential for proliferation or embry-
onic development.

To evaluate cell survival, primary day 13.5 mouse embryonic fi-
broblasts (MEFs) were cultured from both Rit null and wild-type lit-
termates. These cultures were left untreated or were exposed to a
variety of cellular stresses, including a DNA-damaging agent (40 pM
etoposide [ET]), ROS (150 uM H,0O,), or ER stress (20 pg/ml tuni-
camycin [TM]). Cell numbers were analyzed over time using the MTS
assay, and cell viability decreased in a time-dependent manner with
each of the stresses (Figure 3, A-C). However, hydrogen peroxide
exposure resulted in a dramatic reduction in the number of Rit null
fibroblasts compared with similarly stressed wild-type cells (18-h ex-
posure: 41.8% [+14.9] and 8.2% [+4.2] for wild type and Rit™~, re-
spectively, p < 0.001; Figure 3A). Apoptosis was increased in hydro-
gen peroxide-treated Rit null MEFs as monitored by the presence
of condensed nuclei (Figure 3D) and cleaved caspase-3 and
poly(ADP-ribose) polymerase (PARP; Figure 3E). This was not the
case for cells exposed to either etoposide (48-h exposure: 39.4%
[£4.1] and 40.2% [£3.3] for wild type and Rit™~, respectively, p > 0.6)
(Figure 3B) or tunicamycin (24-h exposure: 45.8% [£6.9] and 44.6%
[£7.9] for wild type and Rit™~, respectively, p > 0.7) (Figure 3C), in
which both wild-type and Rit null fibroblasts displayed an equivalent
reduction in cell viability.

Analysis of the MAPK signaling in wild-type MEFs following hy-
drogen peroxide (100 pM) treatment resulted in activation of p38,
ERK, and ERK5. In addition, Akt was found to be activated in re-
sponse to ROS stimulation (Figure 3F). In contrast, exposure to
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Drosophila D-Ric mutants are sensitive to environmental stress. (A) Schematic of the mutagenesis strategy
for the D-Ric locus. Gray arrows indicate gene structure; black boxes indicate RIC coding regions. Dashed line indicates
the P-element insertion site. The gray bars indicate the size and position of deletions (numbers indicate the boundary of
the deletions within D-Ric), as determined by genomic DNA sequencing. Neither neighboring gene was disrupted.

(B) Adult Drosophila were placed in vials containing growth medium supplemented with 0.2 M NaCl and placed at 25°C,
and flies were counted twice a day. The time to reach 50% survival for each genotype was compared. Similar
relationships were seen at 0.1 and 0.3 M NaCl, with a decreasing time of survival as osmotic stress increased. (C) Adult
Drosophila were placed at 38°C in vials containing normal growth medium and analyzed as in B. (D) Adult Drosophila
were placed in empty culture vials at 25°C and analyzed as in B. (E) Adult Drosophila were placed in vials at 25°C
containing a modified growth medium containing 2% sucrose and 1% H,0O, and analyzed as in B. (F) Adult Drosophila
were placed at 38°C in vials containing normal growth medium for the indicated times. Total lysates were prepared from
wild-type (Ric®*B) and Ric KO (Ric™~1) flies and analyzed by immunoblotting with the indicated antibodies. Note that
levels of phosphorylated p38 were reduced in Ric™/~ following heat shock. (G) Adult wild-type (W'""8) or p38a KO

(p38a~") Drosophila were exposed to heat shock, dry starvation, and oxidative stress and analyzed as in C-

E. (H) Adult

wild-type (W'""8) or p38a KO (p38a~'~) Drosophila were exposed to osmotic stress and analyzed as in B.

etoposide or tunicamycin failed to stimulate p38, ERKS, and Akt
signaling in wild-type MEFs (Figure 3F), and ERK was only modestly
activated by tunicamycin, suggesting that Rit-mediated regulation
of one or more of these pathways might contribute to cell survival in
response to oxidative stress.

Rit regulates ROS-mediated MAPK activation

and p38-dependent survival signaling

To confirm that the survival defect was the result of Rit loss and to
examine the cellular signaling pathways underlying this effect, we
established stable Rit”"MEFs, immortalized with SV40 large T an-
tigen, expressing either green fluorescent protein (GFP) or GFP-
tagged Rit®’?", a constitutively active Rit mutant (Figure 4A). Expo-
sure of GFP control cells to hydrogen peroxide (150 uM) induced
robust cell death, whereas cells expressing active Rit (Rit®’?") were
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significantly protected (12-h exposure: 10.9% [£2.4] and 36% [£1.9]
GFP and GFP-Rit?’%, respectively, p < 0.001; Figure 4B). In con-
trast, Rit??" expression had only a modest effect on cell survival
following etoposide (40 pM) exposure (Figure 4C). These data
support the notion that Rit regulates an oxidative stress survival
mechanism.

We next assessed the contribution of Rit to ROS-mediated
intracellular signaling. Stimulation of serum-starved, wild-type
MEFs with hydrogen peroxide led to the activation of p38, ERK,
and ERK5 MAPK kinase cascades, whereas ROS-dependent p38
and ERK pathway activation was significantly reduced in Rit~~
mutant cells (Figure 4, D and E; 15-min exposure [n = 4]: 59.2% *
[19.6] and 74.8% =+ [5.6] for p38 and ERK, respectively, p < 0.01).
Of importance, Rit does not participate in all ROS-mediated
MAPK signaling, as ERK5 activation was not altered in mutant
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FIGURE 2: Rit knockout mouse. (A) Schematic representation of the strategy used to generate the Rit knockout mouse.
Part of exon 2 was targeted and replaced by a LacZ-expressing cassette, followed by the neomycin gene flanked by FRT
sites. The DNA probe (3’ probe) used for Southern analysis is indicated by the gray bar (B), and arrows indicate the
location of genotyping primers (a, b, and c). (B) Genomic DNA isolated from heterozygous Rit (Rit*~) or wild-type (WT)
embryonic stem (ES) cells were subjected to Xbal digestion, and the resulting genomic DNA fragments were resolved
by agarose gel electrophoresis and transferred to nylon membrane. The Rit genomic locus was detected by Southern
blot using the radiolabeled 3’ probe. As illustrated in A, WT ES cells are expected to contain a 10.1-kb fragment,
whereas a 7.4-kb fragment should also be detected from Rit*~ ES cells. (C) Genomic DNA was isolated from mouse tail
biopsies and subjected to PCR analysis using the oligonucleotide primer pairs indicated in A. A 347-base pair band
represents the mutant allele (bottom; amplification using primer pair b/c), whereas a 462-base pair band represents the
wild-type allele (top; amplification using primer pair a/c). (D) Total RNA was isolated from cultured embryonic fibroblasts
obtained from Rit mutants or WT littermates and subjected to RT-PCR analysis. GAPDH was included as a loading
control. Note that Rit mRNA levels are completely eliminated in Rit”~ MEFs, whereas they are reduced in Rit”~ MEFs.

fibroblasts. Because Ras-related GTPases respond to extracellu-
lar stimuli by exchanging GTP for bound GDP (Colicelli, 2004),
we next tested whether hydrogen peroxide exposure triggered
Rit activation. Rit-GTP loading studies are technically difficult in
primary cells because of low levels of endogenous Rit and the
lack of high-affinity anti-Rit antibodies. Thus, we performed Rit-
GTP pull-down assays using MEFs transiently transfected with
3xFlag-Rit-WT as described previously (Shi and Andres, 2005;
Lein et al., 2007). Stimulation with hydrogen peroxide resulted in
a transient increase in GTP-bound Rit levels (Figure 4F), with ac-
tivation kinetics consistent with a role for Rit in ROS-dependent
p38 activation.

Rit is known to regulate both ERK and p38 MAP kinases follow-
ing mitogen stimulation (Shi and Andres, 2005; Shi et al., 2008; Lein
et al., 2007; Andres et al., 2008), prompting studies to examine the
contribution of these pathways to survival. Although pharmacologi-
cal blockade of MEK/ERK signaling (10 pM PD98059) had no effect
on Rit??"-dependent survival following hydrogen peroxide expo-
sure, p38 inhibition (10 uM SB203580) almost completely blocked
the survival advantage afforded by Rit signaling (12-h exposure:
43% [+0.9] and 8% [+4.7] for PD98059 and SB203580, respectively,
p < 0.001; Figure 4B). As expected, these same inhibitors had no
effect on cell survival following etoposide treatment in either wild-
type or mutant MEFs (Figure 4C). Taken together, these data sug-
gest that p38 signaling is a central feature of Rit-dependent survival
signaling.
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Rit-dependent survival involves p38-mediated Akt signaling
Although stress-mediated p38 activation is commonly associated
with cell death induction, recent work has identified a survival cas-
cade in which p38 promotes MK2 kinase activation within a novel
HSP27 scaffolded complex. This allows MK2 to phosphorylate tar-
gets, including HSP27 and Akt, leading to cellular responses includ-
ing the inhibition of apoptosis (Rane et al., 2003; Zheng et al., 2006;
Wu et al., 2007). Using RNA interference (RNAI) approaches, we re-
cently found that Rit contributes to stress-mediated regulation of
this cascade in cultured cells (Shi et al., 2011). Consistent with a role
for Rit in the regulation of this cascade in primary MEFs, MK2 (60.8%
[£23.8], p <0.05), HSP27 (59.5% [+15.5], p < 0.05), and Akt phospho-
rylation (64.2% [£10.3] and 71.9% [£9.4] for T308 and S473, respec-
tively, p < 0.01) were decreased in Rit™~ MEFs following hydrogen
peroxide exposure when compared with similarly treated wild-type
cells (Figure 5, A and B). These results suggest that Rit mediates
oxidative stress survival in a p38-Akt-dependent manner.

Bad, a proapoptotic member of the Bcl-2 family, is regulated by
Akt, which specifically phosphorylates Bad at serine 136 (Datta
et al., 1997; del Peso et al., 1997), resulting in the sequestration of
phospho-Bad in the cytosol. This prevents Bad from associating with
mitochondria, where it displaces Bax from binding the antiapoptotic
Bcl-2 and Bcl-X|_ proteins, leading to outer membrane permeability
and apoptosis (Yang et al., 1995). Consistent with a role for Akt sig-
naling in MEF survival following oxidative stress, stimulation of wild-
type MEFs with hydrogen peroxide resulted in Akt (T308/5473)
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FIGURE 3: Rit loss sensitizes MEFs to oxidative stress but not DNA damage or ER stress.
(A-C) Cell viability of wild-type (Rit**) and Rit~ MEFs was determined by MTS metabolism at
the indicated times after initial H,O (150 uM), ET (40 pM), and TM (20 pg/ml) exposure (t test;
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activation and a dramatic increase in phosphorylated Bad (S136)
(Figure 5C). However, in Rit null cells, the phosphorylation of both
Akt and Bad proteins was significantly reduced following hydrogen
peroxide exposure. These data provide additional evidence that Rit
loss selectively alters the coupling of oxidative stress to intracellular
signaling pathways, particularly p38-dependent Akt activation.

To test the foregoing hypothesis, wild-type MEFs were treated
with SB203580 (10 pM) prior to hydrogen peroxide exposure, based
on the reasoning that p38 blockade should disrupt Akt phosphory-
lation and increase oxidative stress—dependent apoptosis. As shown
in Figure 6A, p38 inhibition, but not MEK/ERK blockade, resulted in
a dramatic reduction in cell viability, rivaling that seen in Rit~~ MEFs,
following hydrogen peroxide exposure. As expected, p38 inhibition
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naling results in cell death or recovery.

The creation of mice lacking expression
of the Rit GTPase and D-Ric null Drosophila
provided the systems necessary to define
the essential physiological function of the
Rit/RIC GTPases. Although previous studies
using ectopic expression of active and dom-
inant-negative mutants or RNAi-based gene
silencing identified a role for Rit signaling in
the regulation of neural morphology (Lein
et al., 2007; Andres et al., 2008) and for Rit
and RIC in differentiation (Spencer et al.,
2002; Harrison et al., 2005; Shi and Andres,
2005; Shi et al., 2008), these genetic models establish Rit family
GTPases as crucial regulators of an evolutionarily conserved, pro-
survival cascade. The marked, selective effect of Rit loss on ROS-
mediated cell death in MEFs indicates that Rit provides a function
that cannot be compensated by any other Ras family GTPase. As
important, this function appears to be evolutionarily conserved, as
D-Ric deletion increased susceptibility to environmental stress in
Drosophila.

A major conclusion of this study is that the Rit-p38 survival path-
way is conserved. D-Ric null strains are sensitive to environmental
stresses, and Rit and RIC appear to have the conserved ability
to regulate cell survival in a p38-dependent manner. Recent work
has described a novel signaling module in which HSP27 serves as a
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after initial HO5 (150 uM) or ET (40 uM) exposure in the presence or absence of the p38 inhibitor SB203580 (10 pM) or
MEK inhibitor PD98059 (10 uM). The results are presented as mean + SD (t test; **p < 0.01, n = 3). (D) Lysates from
wild-type and Rit~~ MEFs were prepared following H,O, exposure (100 pM) for the indicated times and analyzed by
immunoblotting with the indicated antibodies. (E) The relative phosphorylation of p38 and ERK1/2 after 15 and 30 min
of H,O, exposure was compared between wild-type (black bars) and Rit™~ (white bars) MEFs. The results are presented
as mean £ SD (t test: *p < 0.05, **p < 0.01, n>4). (F) Immortalized wild-type MEFs transfected with FLAG-Rit-WT were
serum starved for 3 h prior to stimulation with H,O5 (100 uM) for the indicated times, and GTP-bound Rit was recovered

by GST-RGL3-RBD pull down. Precipitated GTP-Rit was detected by anti-FLAG immunoblotting.

scaffold to couple p38/MK2 signaling to Akt-dependent survival
(Rane et al., 2001, 2003; Zheng et al., 2006; Wu et al., 2007). It is
known that Drosophila express both HSP27 and MK2 orthologues,
and thus the possibility exists that this p38 survival cascade will be
preserved in flies. Indeed, Drosophila HSP27 has been shown to
increase lifespan and resistance to oxidative stress (Hao et al.,
2007). As a high-molecular mass homo-oligomer, mammalian
HSP27 is known to direct the refolding of denatured proteins
(Stetler et al., 2009). Our data indicate that Rit functions as a regu-
lator of HSP27 phosphorylation in response to oxidative stress
and in the control of p38/MK2/HSP27/Akt signaling (Shi et al.,
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2011). Numerous studies have demonstrated that phosphorylated
HSP27 displays antiapoptotic activity (Kostenko and Moens, 2009;
Stetler et al., 2009). Determining whether the contribution of
HSP27 to Rit/RIC-dependent survival signaling is mediated pri-
marily by coordinating ROS-dependent Akt activation or whether
phosphorylated HSP27 supports additional distinct survival mech-
anisms awaits further experimentation.

Hydrogen peroxide has the capacity to function as a proliferative
signal (Burdon, 1995), a second messenger (Bae et al., 1997), or as
a signal to promote apoptosis or cell survival (Martindale and
Holbrook, 2002; Runchel et al., 2011). Hydrogen peroxide exposure
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FIGURE 5: Rit contributes to p38-MK2-HSP27-AKT prosurvival signaling. (A) Lysates
from wild-type and Rit~~ MEFs were prepared following H,0, exposure (100 pM) for
the indicated times and analyzed by immunoblotting with the indicated antibodies.

(B) The relative phosphorylation of MK2, HSP27, and AKT after 15 min of H,0; exposure
was compared between wild-type (black bars) and Rit™~ (white bars) MEFs. The

results are presented as mean * SD (t test: *p < 0.05, **p < 0.01, n > 4). (C) Lysates

from wild-type and Rit~~ MEFs were prepared following H,O, exposure (100 uM)

for the indicated times and analyzed by immunoblotting with the indicated

antibodies.
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promotes activation of all of the classic
MAPK cascades (Wang et al., 1998), and it
appears that cell fate is dictated by the in-
terplay of these individual kinase pathways
(Pearson et al., 2001; Roux and Blenis, 2004;
Wagner and Nebreda, 2009). Our data sug-
gest that Rit contributes to this process by
directing p38-dependent cell survival. How
might Rit achieve this effect? Scaffolding
proteins are known to confer specificity, pro-
moting distinct spatial and temporal control
over p38 activation and directing coupling
to specific downstream effector pathways
(Morrison and Davis, 2003). The coordinated
loss of hydrogen peroxide-mediated, but
not EGF-dependent, p38, MK2, HSP27, and
Akt activation suggests that Rit plays a criti-
cal role in coordinating p38-mediated Akt
activation and survival. A large number of
regulatory kinases are known to contribute
to p38 activation, including MAPK kinase
(MAPKK)-dependent and MAPKK-indepen-
dent pathways (Kyriakis and Avruch, 2001;
Wagner and Nebreda, 2009). An important
goal of future studies is to determine the
molecular nature of the coupling between
Rit and p38. Just as the recently identified
OSM scaffold is known to specify Rac
GTPase-mediated p38 activation following
hyperosmotic stress by generating a Rac-
OSM-MEKK3-MKK3  regulatory module
(Uhlik et al., 2003), our data suggest a model
in which Rit functions as an upstream regula-
tor of a scaffolded p38-MK2-HSP27 com-
plex involved in ROS-dependent Akt acti-
vation. Studies are ongoing to test this
model.

Identifying a role for a Ras GTPase in Akt-
mediated cell survival is perhaps not surpris-
ing. A number of Ras subfamily GTPases are
known to direct PI3-kinase-dependent Akt
activation (Rodriguez-Viciana et al., 2004;
Yuan and Cantley, 2008), with Akt in turn
controlling the balance between survival
and apoptosis (Engelman et al., 2006). In-
deed, we find that oxidative stress activates
Akt, resulting in Bad phosphorylation (Figure
5C), and that both Rit and p38 contribute to
this signaling cascade (Figures 3 and 4). Akt
is activated by two sequential phosphoryla-
tion events, with PDK1 directing Thr38
phosphorylation, and a less well defined
"PDK2" activity directing Ser*”® phosphory-
lation (Vanhaesebroeck and Alessi, 2000). A
complex interplay has been described for
Akt, HSP27, p38, and MK2 kinases in which
p38/MK2 signaling induces both Akt-Ser*’?
phosphorylation and the release of acti-
vated Akt from phosphorylated HSP27, al-
though the molecular mechanisms regulat-
ing the signaling and dynamics of the HSP27
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FIGURE 6: p38 S|gna||ng promotes AKT in response to ROS. (A) Viability of wild-type MEFs was
determined by MTS metabolism at 12 and 24 h after initial H,O, exposure (150 uM) in the
presence or absence of $B203580 (10 pM) or PD98059 (10 pM). The results are presented as
mean £ SD (t test; *p < 0.05, **p < 0.01, n = 3). (B) Lysates from wild-type MEFs pretreated with
or without SB203580 (10 uM, 30 min) and exposed to H,O, (100 pM) for the indicated duration
were analyzed by immunoblotting with the indicated antibodies. (C) Lysates from wild-type
MEFs pretreated with or without SB203580 (10 M, 30 min) and stimulated with EGF (100 pg/pl)
for the indicated duration were analyzed by immunoblotting. Note that whereas SB203580
treatment inhibits both MK2 and HSP27 phosphorylation, Akt activation is not affected.

scaffolded complex remain to be established (Rane et al., 2001,
2003; Zheng et al., 2006; Wu et al., 2007). Therefore, although acti-
vation of Akt is known to underlie the ability of a number of Ras
GTPases to promote cell survival, Rit appears to control a distinct
p38-mediated survival signaling cascade, which relies in part on
ROS-dependent p38-MK2-HSP27-Akt activation. Studies are under-
way to determine whether Rit uniquely contributes to p38/MK2-Akt
signaling, which might explain why other Ras family GTPases cannot
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participant in oxidative stress signal propa-
gation through the regulation of a p38-Akt
cascade. The evolutionary conservation of
this stress signaling pathway between mam-
mals and Drosophila indicates its importance
to cell survival and potentially also for the
regulation of additional p38-mediated bio-
logical processes (Wagner and Nebreda,
2009) such as the regulation of cell cycle pro-
gression (Thornton and Rincon, 2009) and
the lifespan of hematopoietic stem cells in
response to oxidative stress (Ito et al., 2006).
p38 signaling has also been implicated in
the regulation of additional prosurvival tran-
scriptional cascades, including the activation
of MEF2 (Mao et al., 1999), B-catenin via
GSK3 inactivation (Thornton et al., 2008),
and MSK1/2-CREB cascades (Arthur et al.,
2004), expanding the potential role for Rit in
regulating whether ROS-dependent p38 ac-
tivity results in cell death or recovery.

MATERIALS AND METHODS

Plasmids and reagents

FLAG- and GFP-tagged human Rit expres-
sion vectors have been described previously
(Shi and Andres, 2005; Shi et al., 2008). H,O,
and TM (Sigma-Aldrich, St. Louis, MO), ET
(CalBiochem, La Jolla, CA), kinase-specific
inhibitor  SB203580 (Tocris  Bioscience,
Ellisville, MO), PD98059 (CalBiochem), and
antibodies against caspase-3, PARP, phos-
pho-p38, p38, phospho-ERK1/2, ERK1/2,
phospho-ERKS5, phospho-Akt (Ser-473 and
Thr-308), Akt, phospho-MK2 (Thr-334), phos-
pho-HSP27 (Ser-82), phospho-Bad (Ser-136),
Bad (Cell Signaling Technology, Beverly,
MO), HSP27 (CalBiochem), GFP (UC Davis/
NIH NeuroMab Facility, Davis, CA), B-actin,
and FLAG (Sigma-Aldrich) were purchased.

Generation of rit knockout mice

Mice were housed in a pathogen-free facility and handled in ac-
cordance with standard use protocols, animal welfare regulations,
and the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. All protocols were approved by the University
of Kentucky Institutional Animal Care and Use Committee. A tar-
geting vector (Figure 2) containing ~5.7 kb of the murine Rit1 gene
was constructed from 129/Sv strain mouse genomic DNA by the
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Gene Targeted Mouse Service Core at the University of Cincinnati
(Cincinnati, OH), replacing the coding region of exon 2 with the
lacZ gene together with a neomycin cassette (with flanking Flip-
pase recognition target [FRT] sites). The targeting vector was
transfected into embryonic stem (ES) cells derived from 12956/
SvEv Tac mice, and correctly recombined G418-resistant clones
were identified by PCR and Southern blot analysis. Two indepen-
dent ES clones were injected into blastocysts, and male mice with
a high degree of chimerism were crossed to wild-type Black Swiss
females to generate Rit”~ mice. Heterozygous offspring were
mated to generate homozygous Rit”"mice.

Mouse genomic DNA extraction and genotyping PCR
Genomic DNA was extracted from tail snips by incubation in tail
lysis buffer (100 mM Tris-HCI, pH 8.8, 5 mM EDTA, 0.2% SDS, and
200 mM NaCl) containing 0.4 mg/ml proteinase K (Invitrogen,
Carlsbad, CA) at 55°C overnight, followed by incubation with
60 pg/ml RNase (Invitrogen) at 37°C for 1 h. DNA was precipitated
and resuspended in 10 mM Tris-HCI, pH 8.0, prior to genotyping
analysis. Primers used for Rit genotyping were as follows: wild-
type allele, forward primer 5-GTGAAGG CCGAGGATGTAGG-3’
(oligo a), reverse primer 5-GGTCATGGTCTTCTGGGAATCG-3’
(oligo ¢); knockout allele, forward primer 5-ACCCGTGATATT-
GCTGAAGAGC-3’ (oligo b), reverse primer 5-GGTCATGGTCT-
TCT GGGAATCG-3’ (oligo c; see Figure 2). The PCR parameters
were Tm = 53°C for 35 cycles.

Reverse transcription-PCR analysis

To determine whether expression of Rit was eliminated in
Rit-knockout mice, reverse transcription (RT)-PCR was performed.
Briefly, total RNA was isolated with TRIzol reagent (Invitrogen)
from Rit**, Rit”~ and Rit”~ MEF cultures. Total RNA (2 pg) was
subjected to reverse transcription using the Enhanced Avian HS
RT-PCR Kit (Sigma-Aldrich), and the levels of Rit expression were
then examined by PCR using first-strand cDNA as template.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served
as a control. The primer pairs were as follows: mouse Rit, for-
ward, 5’-CAATGCAGTTCATC AGCCACC, and reverse, 5-CGT-
GGAAAACG TCGTCGATG; and mouse GAPDH, forward,
5’-AAGCCCATCA CCATCT TCCAG, and reverse, 5-AGGGGC-
CATCCACAGTCTTCT.

Cell culture

Primary MEFs were isolated from E13.5 embryos following standard
protocols (Serrano et al., 1997) and maintained in DMEM supple-
mented with 10% (vol/vol) fetal bovine serum, 100 U/ml penicillin,
and 100 pg/ml streptomycin. All MEF experiments were performed
at passage 3-5 unless otherwise noted.

Immortalization of primary MEFs

The day before infection with a retrovirus expressing SV40 large
T-antigen (a gift of Andrei V. Budanov, University of California,
San Diego, La Jolla, CA), 3x10° primary MEFs (passage 2) were
seeded in 60-mm dishes and cultured overnight. On the day of
infection, 1.5 ml of virus supernatant (SV40 large T-antigen) sup-
plemented with polybrene (10 pg/ml) (Sigma) was applied to
MEFs for 3.5 h, after which monolayers were washed and re-
turned to culture medium. Twenty-four hours later, a second
round of infection was performed, and immortalized MEFs were
selected by continuous passage until a stable population dou-
bling time was obtained. To generate MEFs stably expressing
GFP or GFP-Rit?’%t, immortalized MEFs were transfected and
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subjected to G418 (1 mg/ml) selection, and single colonies were
picked and expanded. GFP and GFP-Rit®’°" expression was con-
firmed by Western blot (Figure 4A).

Protein phosphorylation analysis

Whole-cell lysates were prepared using kinase lysis buffer [20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.4), 150 mM
NaCl, 50 mM KF, 50 mM B-glycerolphosphate, 2 mM ethylene
glycol tetraacetic acid (pH 8.0), 1 mM Na3zVOy, 1% Triton X-100,
10% glycerol, and 1x protease inhibitor cocktail] and subse-
quently subjected to experimental analysis (Shi and Andres,
2005). Protein phosphorylation was determined by immunoblot-
ting with appropriate phospho-specific antibodies, and band in-
tensity was quantified by Image J (National Institutes of Health,
Bethesda, MD).

Rit-GTP loading assays

GST fusion proteins containing the Rit-binding domain (RBD) of
RGL3 (residues 610-709) were used to precipitate GTP-loaded Rit
as described previously (Shi and Andres, 2005; Shi et al., 2006).
Briefly, immortalized cells were transfected (Superfect; Qiagen,
Valencia, CA) with 3xFLAG-Rit-WT (1 pg) and serum starved prior to
stimulation. The cells were harvested and total cell lysates prepared.
Total protein (400 pg) was subjected to GST-RGL3-RBD agarose
pull-down with end-over-end rotation at 4°C for 2 h. The GST-RGL3-
RBD agarose pellets were recovered after extensive washing, and
GTP-Rit levels (active Rit) were determined by immunoblotting with
anti-FLAG monoclonal antibody.

Apoptosis analysis

Cell apoptosis was examined by caspase-3 and PARP cleavage or
nuclear condensation (Tewari et al., 1995). The levels of caspase-3
and PARP cleavage were determined by immunoblotting total cell
lysates with anti—caspase-3 and anti-PARP antibodies. Nuclear con-
densation was analyzed by Hoechst staining following fixation, with
>300 cells in 9-12 random fields counted for each individual ex-
periment. A nonradioactive cell proliferation assay (MTS) (Promega,
Madison, WI) was used according to manufacturer's directions to
determine cell viability.

Stress assays in flies

Flies for stress resistance assays were grown to adulthood
on semidefined medium, as described by the Bloomington
Drosophila Stock Center (Backhaus et al., 1984), under un-
crowded conditions to minimize stress during development. For
heat shock stress, 2- to 3-d-old adults were placed in vials with
basic Bloomington malt medium and put in a 38°C water bath.
The number of dead flies was counted every 30 min until all were
dead. For dry starvation assays, 2- to 3-d-old flies were placed in
empty vials and kept in a 25°C humidified incubator. The number
of live flies was counted until all were dead. Osmotic stress resis-
tance was determined by placing 2- to 3-d-old adult flies in vials
containing basic Bloomington malt medium supplemented with
0.1, 0.2, or 0.3 M NaCl and kept in a 25°C humidified incubator.
Viability was monitored until all flies were dead. Oxidative stress
was performed using either H,O, or Paraquat to generate ROS.
Two-day-old adult males were placed on medium consisting of
agarose, 2% sucrose, and 1% H,O, in vials or in vials containing
cellulose acetate plugs (Flugs; Genesee Scientific, San Diego,
CA) saturated with 2% sucrose plus 5 or 10 mM Paraquat and
kept in a 25°C humidified incubator. Viability was monitored until
all flies were dead.
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