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SUMMARY

The Hippo pathway, evolutionarily conserved from flies to mammals, promotes cell death and
inhibits cell proliferation to regulate organ size. The core component of this cascade, Mstl in
mammalian cells, is sufficient to promote apoptosis. However, the mechanisms underlying both its
activation and its ability to elicit cell death remain largely undefined. We here identify a novel
signaling cassette in cardiac myocytes consisting of K-Ras, the scaffold RASSF1A and Mst1 that
is localized to mitochondria and promotes Mst1 activation in response to oxidative stress.
Activated Mst1 phosphorylates Bcl-xL at Ser14, which resides in the BH4 domain, thereby
antagonizing Bcl-xL-Bax binding. This, in turn, causes activation of Bax and subsequent
mitochondria-mediated apoptotic death. Our findings demonstrate mitochondrial localization of
Hippo signaling and identify a novel target of this cascade, Bcl-xL, which is directly modified to
promote apoptosis.

INTRODUCTION

Regulation of organ size is of fundamental importance in multi-cellular organisms. The
identification and subsequent elucidation of the Hippo signaling pathway has established
this mechanism as a potent negative regulator of organ size and tumorigenesis (Pan, 2010).
Hippo mediates these effects through the inhibition of cell growth and proliferation, and the
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induction of apoptosis (Zhao et al., 2011). Indeed, the core mammalian component of this
cascade, Mstl1, is known to promote apoptosis (Graves et al., 1998), yet the underlying
mechanism remains elusive. Furthermore, how and where Mst1 is engaged and activated is
still largely unknown.

The RASSF (Ras association domain family) polypeptides have been linked to the Hippo
signaling pathway and interact with activated Ras GTPases (Avruch et al., 2009; Del Re et
al., 2010). Ras proteins are molecular switches that transduce signals to regulate diverse
responses including growth, proliferation and cell survival (Karnoub and Weinberg, 2008).
Their activation status is dependent upon GTP/GDP binding, and downstream signaling is
initiated through association with effector proteins. The prototypical isoforms H-Ras and K-
Ras4b (hereafter referred to as K-Ras) are ubiquitously expressed; however, differences in
subcellular localization and downstream signaling have been demonstrated (Hancock, 2003).
Furthermore, Hras null mice are healthy and viable (Esteban et al., 2001) whereas
homozygous Kras deletion is embryonic lethal (Johnson et al., 1997), indicating non-
redundancy between the two. Importantly, the ability of each isoform to engage the Hippo
pathway is not known.

Bcl-2 family proteins regulate apoptosis through protein-protein interactions. Upon
activation, the executioners Bax and Bak target the mitochondria outer membrane and elicit
its permeabilization, thereby releasing apoptogenic factors into the cytosol (Gavathiotis et
al., 2010). Bax and Bak are antagonized by the pro-survival family members (e.g. Bcl-2 and
Bcl-xL) and activated either directly or indirectly by the BH3-only members (Bad, Bim, and
Bid among others) (Chipuk et al., 2010). Several hypotheses have been proposed to explain
how, where, and when Bcl-2 family proteins interact to modulate apoptosis, yet the precise
mechanism remains controversial (Moldoveanu et al., 2014). Furthermore, crosstalk
between Hippo signaling and Bcl-2 family proteins has not been explored.

Ras activation by oxidative stress

Our previous work demonstrated that Hippo signaling is stress-activated in the heart and
promotes apoptosis in cardiac myocytes making it a suitable and relevant system to study
this pathway (Odashima et al., 2007; Yamamoto et al., 2003). To examine whether H- and
K-Ras regulate Mst1, we first precipitated GTP-Ras from hearts subjected to sham operation
or ischemia and reperfusion (I/R) and probed with isoform-specific antibodies. We observed
a clear increase in GTP-K-Ras and to a lesser extent GTP-H-Ras, as well as activation of
AKT and ERK1/2 following I/R (Figure 1A,B). Time course experiments demonstrated
rapid activation of K-Ras within 5 min of reperfusion, while H-Ras activation occurred more
slowly (Figure S1A,B). Ras proteins can be oxidized, thereby promoting their activation
(Lander et al., 1995). Because reperfusion following ischemia increases reactive oxygen
species (Simpson and Lucchesi, 1987), we hypothesized that myocardial Ras proteins may
be oxidized during I/R. We incubated heart extracts from sham- and I/R-operated WT mice
with biotinylated iodoacetamide (IAM), which reacts with reduced/free thiols, and
precipitated labeled proteins with streptavidin-agarose. Probing for K-Ras revealed a
significant decrease, indicating cysteine oxidation following I/R, while no significant
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difference in HRas labeling was observed (Figure 1C,D and Figure S1C). Furthermore,
treatment of mice with the antioxidant N-2-mercaptopropionyl glycine (MPG) prior to I/R
was sufficient to significantly inhibit K-Ras activation (Figure 1E,F). These data indicate
that K-Ras is oxidized and activated by I/R in the heart.

To determine the cell-autonomous nature of Ras activation, we employed a neonatal rat
cardiac myocyte culture. Cardiac myocytes were treated with H>O, and a time course of Ras
activation revealed a striking difference in between isoforms in response to oxidative stress.
The level of GTP-H-Ras did not increase after acute H,O5 treatment (5-120 min), whereas
K-Ras activation was significantly increased (maximal at 15 min) (Figure 1G). Moreover,
K-Ras IAM labeling was decreased by H,0,, and pretreatment with the antioxidant N-acetyl
cysteine (NAC) attenuated H,O»-induced activation of K-Ras, suggesting its activation in
cardiac myocytes is dependent upon oxidation (Figure 1H,1). Interestingly, treatment with
the hypertrophic peptide angiotensin 1l (Ang I1) caused H-Ras but not K-Ras activation,
suggesting different mechanisms of action between oxidative stress and agonist stimulation
(Figure S1D).

H- and K-Ras isoforms are highly conserved, but contain C-terminal hypervariable domains
leading to different post-translational modifications that influence subcellular localization
(Karnoub and Weinberg, 2008). We hypothesized that subcellular localization may be
responsible for the differences observed in activation following oxidative stress. We
generated cytosol-, mitochondria- and microsome/sarcoplasmic reticulum (SR)-enriched
fractions from cardiac myocytes. We found predominant localization of H-Ras in the
microsome/SR-enriched fraction, whereas K-Ras was detected in both the microsome/SR-
and mitochondria-enriched fractions under basal and oxidative stress conditions (Figure 1J).
K-Ras in mitochondria-enriched fractions was confirmed in vivo using mouse heart tissue
(Figure 1K). On the other hand, we did not detect K-Ras in mitochondria-enriched fractions
of HEK293, COS-7 or C2C12 cell lines (Figure S2A,B,D) suggesting that H- and K-Ras
have distinct subcellular locations in cardiac myocytes.

K-Ras engages RASSF1A and activates Mst1l

To examine downstream signaling elicited by Ras isoforms, we expressed activated myc-
tagged H- and K-Ras12V in cardiac myocytes. H-Ras expression caused increased AKT and
ERKZ1/2 phosphorylation but did not activate the pro-apoptotic kinase Mstl (Figure 2A,B).
Conversely, K-Ras induced AKT and ERK1/2 activation less robustly than H-Ras but
elicited clear activation of Mst1 and co-immunoprecipitated with Mst1 in cardiac myocytes
(Figure 2A-C). No difference in signaling between H- and K-Ras was observed in HEK293
or C2C12 cells (Figure S2C,E). Although Mst1 is the core component of the Hippo
cascade, no effect on the downstream targets Lats2 or Yap was observed in response to K-
Ras (Figure S2F). To further examine this divergence in signaling, cardiac myocytes
expressing either isoform were subjected to immunoprecipitation and subsequently probed
for the Ras effectors p110a (Rodriguez-Viciana et al., 1994), Raf-1 (Moodie et al., 1993;
Vojtek et al., 1993; Warne et al., 1993; Zhang et al., 1993) and RASSF1A (Vos et al., 2000).
While active H-Ras was found to associate with p110a and Raf-1, no interaction was
observed between H-Ras and RASSF1A (Figure 2D). Interestingly, we saw a clear

Mol Cell. Author manuscript; available in PMC 2015 May 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Del Re et al.

Page 4

association between active K-Ras and RASSF1A, but did not detect p110a or Raf-1 in K-
Ras-precipitated samples (Figure 2D). We recently demonstrated that RASSF1A is a
regulator of Mst1 activation in the heart (Del Re et al., 2010) and therefore sought to
determine whether RASSF1A is involved in K-Ras-induced Mst1 activation. Knockdown of
endogenous RASSF1A impaired the ability of K-Ras to promote Mst1 activation, indicating
RASSF1A involvement (Figure 2E). We also subjected mice to sham or I/R, precipitated
endogenous H- or K-Ras from heart extracts and then probed for RASSF1A and Mstl. We
did not observe an association between RASSF1A or Mstl and H-Ras in either sham or
stressed hearts. However, RASSF1A and Mst1 were detected in samples
immunoprecipitated for K-Ras, and increased association was observed following I/R
(Figure 2F). These findings demonstrate an isoform-specific interaction between
endogenous K-Ras, RASSF1A, and Mstl and indicate an increased association in response
to oxidative stress.

Due to the known protective roles of AKT and ERK1/2 in the heart (Lips et al., 2004), we
reasoned that H-Ras serves a pro-survival function in cardiac myocytes. We found that
active H-Ras significantly protected cardiac myocytes from H,0,-induced apoptosis
compared to LacZ control. This response was sensitive to the PI3K inhibitor LY294002 or
the MEKZ1 inhibitor PD098059, implicating AKT and MEK1-ERK1/2 involvement (Figure
2G). Strikingly, we observed that active K-Ras expression alone was sufficient to induce
apoptosis of cardiac myocytes. This response was significantly attenuated by concomitant
knockdown of endogenous RASSF1A or Mstl or co-expression of a kinase inactive (K59R)
Mstl mutant (Dn-Mstl) (Figure 2H and Figure S2G). Furthermore, we found that H,O,-
induced apoptosis was attenuated by K-Ras knockdown, while increased K-Ras expression
augmented the H,0O, apoptotic effect (Figure S2H,1). Taken together, these data
demonstrate that H-Ras protects cardiac myocytes through activation of AKT and ERK1/2
while K-Ras induces cell death via Mst1.

RASSF1A mediates mitochondrial translocation of Mstl

Our data suggest that differences in subcellular localization of Ras isoforms may mediate
divergent signaling and subsequent cellular outcomes. We next examined subcellular
localization of Mstl. At baseline endogenous Mst1 was predominant in the cytosol-enriched
fraction (Figure 3A). H,O5, treatment elicited translocation of Mst1 to the mitochondria-
enriched fraction. Phosphorylated Mstl increased after H,O, treatment and was found
primarily in mitochondria-enriched fractions (Figure 3A,B and Figure S3A). RASSF1A
was detected in mitochondria-enriched fractions (Figure 3A), effectively placing K-Ras,
RASSF1A and Mstl at mitochondria following oxidative stress.

To determine the involvement of RASSF1A in Mstl translocation, we expressed either WT
or a SARAH domain point mutant (L308P) of RASSF1A, which is unable to bind Mst1 (Del
Re et al., 2010). We found that endogenous Mst1 co-precipitated with WT RASSF1A and
increased in response to oxidative stress (Figure 3C). In contrast, Mst1 did not associate
with the L308P mutant under any condition. K-Ras association with both forms of
RASSF1A was comparable (Figure 3C). Size exclusion chromatography and subsequent
immunoprecipitation experiments demonstrated that K-Ras, RASSF1A and Mst1 were
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enriched, and associated with one another, in the same high molecular weight fractions
isolated from hearts subjected to I/R, indicating trimolecular complex formation (Figure
S3B-D). To test the requirement of each for Mst1 translocation, we first depleted
endogenous K-Ras using an siRNA approach (Figure S3E). We found that K-Ras
knockdown reduced Mst1 levels in mitochondria-enriched fractions following oxidative
stress (Figure S3F). Similarly expression of L308P RASSF1A significantly attenuated Mst1
translocation to mitochondria following H,05 stimulation whereas expression of WT
RASSF1A increased Mst1 present in mitochondria-enriched fractions compared to LacZ
control (Figure 3D). Following I/R, Mstl in mitochondria-enriched fractions was increased
in WT hearts, while no increase was observed in Rassfla™~ hearts (Figure 3E,F). We also
observed attenuated Mst1 activation in Rassfla™~ hearts after I/R (Figure 3G,H) although
no difference in K-Ras activation was observed (Figure S3G). These results indicate that K-
Ras and a functional RASSF1A are critical for translocation and activation of Mst1l in
response to oxidative stress in the heart.

Mst1 activates a mitochondrial death pathway

We hypothesized that Mst1 promotes mitochondria-mediated apoptosis. Bcl-2 family
proteins regulate mitochondrial integrity and apoptosis (Chipuk et al., 2010). We tested
whether Mst1 associates with Bcl-2 family members. Overexpression studies showed no
association between Mstl and Bax, Bad or Bcl-2 (Figure S4A-C). Conversely, we observed
a clear association between endogenous Mstl and ectopically expressed Bcl-xL (Figure
S4D). We also detected an interaction between endogenous Mstl and Bcl-xL in cardiac
myocytes following oxidative stress (Figure 4A and Figure S4E). We found this
association was less prominent in (K59R)Dn-Mst1 compared to WT Mst1, and was driven
by expression of K-Ras (Figure S4F,G). One mechanism by which Bcl-xL may exert its
anti-apoptotic effect is through inhibitory binding of Bax at the mitochondrial outer
membrane (Edlich et al., 2011; Sedlak et al., 1995). We found that increased expression of
Mst1 caused a decrease in Bcl-xL-Bax association (Figure 4B,C). Moreover, we observed
increased levels of active Bax (6A7 epitope-positive) in cardiac myocytes expressing Mstl
and in Mstl transgenic (Tg) mouse hearts compared to controls, similar to cardiac myocytes
treated with H,O, (Figure 4D-F, and Figure S4H). Mst1 expression in cardiac myocytes
induced mitochondrial outer membrane permeabilization (MOMP), cytochrome c release
and activation of caspase-9 and -3 (Figure 4G-1) highlighting the mitochondria as a focal
point of Mst1 action. Importantly we found that knockdown of Mst1 attenuated H,O,-
induced apoptosis (Figure 4J) indicating the importance of endogenous Mst1. Furthermore,
knockdown of endogenous Bcl-xL triggered increased apoptosis of cardiac myocytes, and
caspase activation by Mst1 was abrogated in bax-/-bak-/- MEFs indicating that Bcl-xL and
Bax are critical effectors of Mst1-induced apoptosis (Figure 4K and Figure S4l).

Mstl phosphorylates Bcl-xL at a novel serine residue

Bcl-xL function is regulated by post-translational modification. To determine whether Bcl-
XL is phosphorylated by Mst1, we performed an in vitro kinase assay using recombinant
Mst1 and Bcl-xL proteins and observed a clear signal indicating direct phosphorylation of
Bcel-xL by Mstl (Figure 5A). Phos-tag was used to detect phosphorylation of endogenous
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Bcl-xL and confirmed our in vitro results (Figure 5B). Phosphorylated Bcl-xL protein was
submitted for mass spectrometry analysis. Approximately 70% sequence coverage of Bcl-xL
was attained and one phosphorylated residue, Ser14, was detected. This residue lies in the
BH4 domain and aq-helix of BelxL (Figure S5A-C).

Previous work suggested that JNK could phosphorylate Ser62 of Bcl-xL, thereby limiting its
ability to protect against apoptosis (Basu and Haldar, 2003). Our analysis did not identify
Ser62 as a target of Mst1. To verify our screen, kinase reactions were performed using
peptides corresponding to the a4-helix region (containing Serl4) or control peptides
(containing Ser62) and recombinant Mst1. Rapid incorporation of ATP[y-32P] was observed
in the as-helix peptide, while no significant increase occurred with the control peptide
(Figure S5D). Rabbit polyclonal antibody was generated using a p-Ser14 peptide (for
sequence see Experimental Procedures) and its specificity for Ser14 phosphorylation was
confirmed (Figure S5E-G). Increased Mstl expression in cardiac myocytes and mouse
hearts caused increased Bcl-xL Ser14 phosphorylation compared to controls (Figure 5C,D).
Bcel-xL from hearts subjected to I/R had increased Ser14 phosphorylation while Ser62
phosphorylation was unchanged (Figure 5E). Importantly, Ser14 phosphorylation was
attenuated in cardiac myocytes depleted of Mst1 and in Dn-Mst1-Tg hearts following I/R,
providing additional evidence that this mechanism translates in vivo (Figure S5H,1 and
Figure 5F). We also detected increased Ser14 phosphorylation in failing human hearts
(Figure 5G). Using recombinant proteins in vitro, we found that ATP was critical for Mst1-
induced attenuation of Bcl-xL-Bax binding (Figure 5H), indicating that phosphorylation is
required.

To test the functional significance of Bcl-xL Ser14 phosphorylation, we generated two point
mutations, Ser—Ala (S14A) and Ser—Asp (S14D), to prevent and mimic phosphorylation,
respectively. Our data demonstrate that expression of Bcl-xL S14A significantly attenuated
Mstl-induced apoptosis and showed greater protection compared to wild-type Bcl-xL.
Conversely, we failed to observe protection by Bcl-xL S14D expression (Figure 51).
Similarly, wild-type Bcl-xL expression significantly decreased cell death in the presence of
H,0, and chelerythrine, a potent inducer of apoptosis in cardiac myocytes, and Bcl-xL
S14A protected further still, while Bcl-xL S14D had no significant effect (Figure 5J).
Myocardial expression of these constructs was attained through adenovirus injection into the
left ventricular free wall (Figure S5J), and mice were subjected to I/R. We observed a
significant reduction in infarct size in Bcl-xL WT and further protection in S14A-treated
mice, while no difference was seen in the Bcl-xL S14D group compared to GFP control
(Figure 5K-M). Mechanistically we observed attenuated association of Bcl-xL S14D
mutant with endogenous Bax compared to Bel-xL WT and S14A suggesting that Bax
association mediates its protective capacity (Figure S5K), whereas association with Bid and
Bim were not changed. We also generated WT and S14A Bcl-xL protein in vitro and tested
its ability to pull down recombinant Bax in the presence and absence of Mst1. We found that
WT and S14A associated comparably with Bax in the absence of Mst1. However, following
kinase reaction, Bax pull down was decreased in WT compared to S14A (Figure S5L).
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K-Ras elicits Mstl-dependent I/R injury

To validate our findings in vivo, we employed genetic deletion mouse models of H- and K-
Ras and tested their role in I/R injury. Disruption of K-Ras expression (Kras™~) led to a
significant decrease in infarct size following I/R compared to WT littermates (Figure 6A-
D). Mst1 activation following I/R in WT hearts was significantly attenuated in Kras*/~
hearts with no change in ERK1/2 or AKT activation (Figure 6E). In contrast, mice with
heterozygous deficiency for H-Ras did not show a significant difference in infarct size after
I/R (Figure 6F-1). Mst1 activation was comparable in both WT and Hras*/~ mouse hearts
(Figure 6J). Interestingly, mice harboring homozygous deletion of H-Ras (Hras™~) showed
a significant increase in infarct size after I/R and attenuated ERK1/2 activation compared to
WT (Figure S6A-E). These data suggest a protective role for H-Ras but an injurious role for
K-Ras during myocardial stress.

We generated K-Ras12V Tg mice and found a significant increase in infarct size in Tg
hearts versus non-transgenic (NTg) littermates after I/R (Figure S6H-J). We also observed
augmented Mst1 activation in Tg hearts suggesting that cardiac expression of K-Ras12V
promotes Mst1 activity (Figure S6F). K-Ras12V was observed predominantly in
mitochondria-enriched fractions of Tg hearts (Figure S6G). We generated bigenic mice by
breeding K-Ras12V Tg with kinase-inactive (K59R) Mstl Tg mice (K-Ras12V x Dn-Mst1)
and determined infarct size following I/R. Bigenic mice had a significantly reduced infarct
size versus K-Ras12V Tg that was comparable to that of NTg mice (Figure S6H,1), further
implicating Mst1 as a downstream mediator of K-Ras signaling during oxidative injury in
the heart.

DISCUSSION

The Hippo pathway is highly conserved and a critical regulator of cell proliferation and
survival. However, little is known regarding the subcellular localization of this kinase
cascade (Yin et al., 2013). And while the core signaling components are well-described,
proximal inputs and distal outputs that mediate cell death remain unclear. Similar to
scaffold-mediated canonical MAPK signaling, our study identifies a novel signaling cassette
that is present at mitochondria of cardiac myocytes. Stress elicits K-Ras activation and the
subsequent interaction with RASSF1A leading to RASSF1A-mediated engagement and
activation of Mstl. We identify Bcl-xL as a novel Mst1 substrate that, when phosphorylated,
decreases Bcl-xL-Bax interaction, increasing active Bax, MOMP and cardiac myocyte
apoptosis (Figure 6K). This cascade is distinct from the pro-survival activation of ERK1/2
and PI3K/AKT driven by H-Ras.

Mstl is an evolutionarily conserved stress responsive kinase that modulates cell growth,
proliferation and apoptosis. Several targets of Mst1 have been identified, yet the mechanism
underlying Mst1-induced cell death remains unclear. We identify Ser14 of Bcl-xL as a direct
target of Mst1 phosphorylation. Previous work reported that INK-dependent
phosphorylation of Bcl-xL at Ser62 could promote apoptosis (Basu and Haldar, 2003). We
did not observe Ser62 phosphorylation by Mstl by mass spectrometry analysis indicating
the likelihood of kinase/cell type/tissue specificity of Bcl-xL phosphorylation. Moreover,
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our results demonstrate that Bcl-xL phosphorylation is important for Mst1-induced
apoptosis and present a substrate distinct from canonical Hippo signaling, commonly
characterized by the phosphorylation of Lats/Yap.

The interaction between Bcl-2 family proteins regulates MOMP and apoptosis; however, the
underlying mechanisms remain controversial and warrant continued investigation. In
response to insult, the effector proteins Bax and Bak undergo conformational changes,
insert/oligomerize in the mitochondrial outer membrane and induce MOMP (Chipuk et al.,
2010; Gavathiotis et al., 2008). Whether anti-apoptotic Bcl-2 proteins prevent death by
associating with BH3-only proteins to prevent Bax/Bak activation (the “direct-

activation” model (Kim et al., 2006; Kuwana et al., 2002; Letai et al., 2002; Willis et al.,
2007)), through direct association with Bax/Bak (the “embedded together” model (Leber et
al., 2007, 2010)), or some combination of the two, remains unclear. An elegant study from
Green and colleagues recently provided strong evidence for a “unified” model of intrinsic
apoptosis (Llambi et al., 2011) that incorporates and further refines the previously proposed
mechanisms. Here, Llambi et al describe two “modes” of anti-apoptotic Bcl-2 protein
function; the first demonstrates that Bcl-xL (and presumably Bcl-2) binds and prevents
BH3-only activator function while the second demonstrates direct association of Bcl-xL and
Bax/Bak to prevent MOMP. Interestingly, the latter mode (direct binding to Bax) was shown
to be more effective at preventing MOMP. Bcl-xL contains a C-terminal transmembrane
sequence that targets it to the mitochondrial outer membrane (Kaufmann et al., 2003).
Recent work from the Youle group has demonstrated that Bcl-xL binds to Bax at the
mitochondrial outer membrane and mediates a constant retro-translocation of Bax away
from mitochondria (Edlich et al., 2011). We believe our current findings are consistent with
the “unified” paradigm in that Bcl-xL is present at the mitochondria outer membrane and is
phosphorylated by Mstl in response to oxidative stress. Moreover, our results suggest a
plausible mechanism describing how Bcl-xL and Bax dissociation occurs.

Prior studies have demonstrated that the BH1-3 domains (Yin et al., 1994; Zha et al., 1996)
and BH4 domain (Ding et al., 2010) of Bcl-xL/Bcl-2 are important for interaction with Bax.
Ser14 resides in the as-helix and BH4 domain of Bcl-xL and is conserved among
mammalian Bcl-xL isoforms, but is not present in the corresponding BH4 domain of Bcl-2.
However, prior work has demonstrated that mutation of Val15—Glu disrupts Bcl-2
interaction with Bax (Hirotani et al., 1999). The V15E mutation introduces a negative
charge that could mimic phosphorylation and suggests a similar BH4-regulated mechanism
of Bax binding.

Both apoptotic and necrotic mechanisms contribute to tissue injury suffered in response to
acute myocardial ischemia and reperfusion. Recent work has demonstrated that Bcl-2 family
proteins can alter mitochondrial morphology and dynamics by modulating fission and fusion
processes (Hoppins et al., 2011). Furthermore, the ability of Bax to target mitofusin 2 and
promote mitochondrial fusion may facilitate necrosis of cardiac myocytes during myocardial
infarction (Whelan et al., 2012). Taken together, there is growing evidence that Bcl-2 family
proteins regulate complex pathways that impinge upon cell death at mitochondria. Our
findings demonstrate that the Bcl-xL S14A mutant affords greater protection in the heart,
and more effectively prevents apoptosis and increases cell viability, versus WT Bcl-xL. We
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speculate that this is due to inhibition of apoptosis and necrosis, and future efforts will
address this possibility. Our recent work has demonstrated that Mst1 phosphorylates Beclinl
during chronic ischemia, thereby promoting the interaction of Beclinl and Bcl-2 and
inhibiting autophagy (Maejima et al., 2013). While this signaling event may indirectly lead
to activation of Bax, our current study demonstrates direct Bax activation in response to Bcl-
XL phosphorylation by Mst1.

Differences in Ras isoform signaling have been associated with differences in subcellular
localization (Hancock, 2003). Although our assessment was not quantitative or
comprehensive, we found that both H-Ras and K-Ras are present in microsome/SR-enriched
fractions; however, only K-Ras was detected in the mitochondria-enriched fraction of
cardiac myocytes. We speculate that this selectivity may be due to signaling, chaperones or
a mitochondrial membrane composition that is unique to cardiac myocytes, and
investigation into these possibilities is ongoing. Mitochondria generate reactive oxygen
species following injury and Ras proteins are known targets of oxidation, which can
promote their activation (Lander et al., 1995). We observed selective oxidation and
activation of K-Ras in cardiac myocytes and speculate that location of Ras isoforms
influences their engagement with effectors and subsequent downstream signaling in
agreement with the Ras literature.

Due to their prominent role in cancer, Ras proteins are targets of great therapeutic interest
(Downward, 2003). While small-molecule competitive inhibition of ATP is an effective
means of preventing kinase function, this approach is vastly more difficult for small
GTPases due to their picomolar binding affinity for GTP (Vigil et al., 2010). Consequently,
research has focused on proximal regulators of Ras membrane association, including
farnesyltranferase inhibition, as well as downstream effector pathways. Along these lines,
recent work demonstrated that small molecule targeting can effectively disrupt the
interaction between the farnesyl tail of K-Ras and PDES, thereby preventing plasma
membrane localization and oncogenic downstream signaling (Zimmermann et al., 2013). In
light of our current findings, we propose that the inhibition of K-Ras/RASSF1A/Mstl
complex formation, perhaps by targeting RASSF1A rather than K-Ras, or directly targeting
Bcl-xL phosphorylation, could have therapeutic benefits for the treatment of myocardial
injury.

EXPERIMENTAL PROCEDURES

Genetically modified mice

K-Ras12V transgenic mice were generated (FVVB/N background) using cDNA of human
myc-K-Ras12V driven by the a-myosin heavy chain promoter (J. Robbins, University of
Cincinnati) to achieve cardiac-specific expression. Kras"'~, Hras"~, Rassfla™~, Mst1-Tg
and Dn-Mst1-Tg mice have been described previously (Esteban et al., 2001; Johnson et al.,
1997; van der Weyden et al., 2005; Yamamoto et al., 2003). Dn-Mst1-Tg and K-Ras12V Tg
mice were bred to generate bigenic mice. Mice were housed in a temperature-controlled
environment with 12-hour light/dark cycles where they received food and water ad libitum.
All protocols concerning the use of animals were approved by the Institutional Animal Care
and Use Committee at New Jersey Medical School, Rutgers.
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Cell culture
Primary cultures of ventricular cardiac myocytes were prepared from 1-day-old Crl:
(WIDBR-Wistar rats (Harlan Laboratories, Somerville, NJ, USA) and maintained in culture
as described previously (Sadoshima and 1zumo, 1993). bax-/-bak-/- MEFs (kindly provided
by Dr Richard N. Kitsis, Albert Einstein University, Bronx, NY), HEK293, COS-7 and
C2C12 cells were maintained at 37°C with 5% CO, in DMEM supplemented with 10% fetal
bovine serum.

Adenoviral constructs

Recombinant adenovirus vectors for overexpression and short hairpin RNA-mediated gene
silencing were constructed as described previously (Matsui et al., 2008).

Adenovirus injection

Adenovirus (1 x 109 pfu) was administered by direct injection to the LV free wall (two sites,
20 pl/site) as described previously(Belke et al., 2006). I/R was performed 2 days after
injection.

Subcellular fractionation

Isolated mouse ventricles or cardiac myocytes were homogenized and fractionated as
described previously (Ago et al., 2010).

RBD Pull down Assay

Lysates were incubated with Raf-1 RBD agarose (Upstate) according to manufacturer's
instructions.

Detection of thiolated cysteines

Lysates were prepared using lysis buffer containing 200 pmol/L biotinylated iodoacetamide
(Sigma) and incubated at room temperature for 30 minutes. Lysates were cleared by
centrifugation and the supernatant incubated with streptavidin-agarose beads (Sigma) for 2
hours at 4°C. Beads were washed in lysis buffer containing 200 umol/L biotinylated-IAM
and subjected to SDS-PAGE.

JC-1 staining

Cardiac myocytes were stained with 5,5°,6,6’-tetrachloro-1,1" 3,3’-
tetraethylbenzimidazolocarbocyanine iodide (JC-1) according to the manufacturer's
instructions (ImmunoChemistry Technologies).

Evaluation of apoptosis

DNA fragmentation was detected in cardiac myocytes using TUNEL as described
previously (Yamamoto et al., 2003). Nuclear density was determined by counting DAPI-
stained nuclei in 20 different fields for each sample.
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Cell viability assay

Cell viability was measured by Cell Titer Blue assay (Promega) according to the
manufacturer's protocol.

Statistical Analysis

All data are reported as mean = SEM. Statistical analyses between groups were done by one-
way ANOVA, and differences among group means were evaluated using the Newman-
Keuls post test. Student's t test was used between data pairs. A p value less than 0.05 was
considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ras isoform activation by oxidative stress
(A) Representative immunoblot showing GTP-loaded H- and K-Ras isoforms and

phosphorylation of AKT and ERK1/2 from wild-type mouse heart extracts. Mice were
subjected to Sham or I/R (30°/607).

(B) Quantitation of Ras activation and AKT and ERK1/2 phosphorylation immunaoblot
results, n = 4 for each group. *p<0.05.

(C) Representative immunoblot demonstrating decreased biotinylated iodoacetamide (IAM)
labeling of K-Ras in the mouse heart following I/R.

(D) Quantitation of IAM pull down experiments, n = 4 for each group. *p<0.05. N.S. = not
significant.

(E) Representative immunoblot showing I/R-induced K-Ras activation in the absence and
presence of N-2-mercaptopropionyl glycine (MPG). MPG (100 mg/kg) was injected
intraperitoneally 24 hours and 1 hour prior to occlusion. Mice were subjected to Sham or I/R
(30°/60”) and GTP-loaded K-Ras was examined by RBD pull down.

(F) Quantitation of K-Ras activation results, n = 3 for each group. *p<0.05. Data are
represented as mean £ SEM.

(G) Time course of H- and K-Ras activation in cultured neonatal cardiac myocytes in
response to H,O, (100 pM) treatment.

(H) Representative immunoblot demonstrating decreased biotinylated iodoacetamide (IAM)
labeling of K-Ras in cardiac myocytes following H,O, (100 uM) treatment (30 min).

(1) The effect of N-acetyl cysteine (NAC) pretreatment (30 min, 5 mM) on Ras isoform
activation by H,O, (100 pM; 15 min) in cardiac myocytes.
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(J) Representative immunoblot demonstrating subcellular localization of H- and K-Ras in
cardiac myocytes.

(K) Localization of endogenous H- and K-Ras in mouse ventricular extracts. GAPDH, Cox
IV and KDEL served as markers of cytosol-, mitochondria- and microsome/SR-enriched
fractions, respectively. See also Figure S1.
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Figure 2. Ras isoform signaling
(A) Phosphorylation of AKT, ERK1/2 and Mst1 elicited by H-Ras12V and K-Ras12V

adenoviral expression in cardiac myocytes.

(B) Quantitation of immunoblot results. Values are normalized to respective total protein
expression, n = 4 for each treatment. *p<0.05.

(C) Representative immunoblot demonstrating the interaction of endogenous K-Ras with
FLAG-Mstl by co-immunoprecipitation in cardiac myocytes.

(D) Representative immunoblot demonstrating preferential interaction of Ras isoforms with
downstream effectors p110a (PI3K), Raf-1 and RASSF1A. Myocytes were infected with
LacZ, myc-H-Ras12V or myc-K-Ras12V in the presence or absence of HARASSF1A
adenovirus, and immunoprecipitations were performed using anti-c-myc antibody.

(E) Cardiac myocytes were transduced with LacZ, myc-H-Ras12V or myc-K-Ras12V in
combination with scrambled control (Ctrl) or RASSF1A-targeted (SF1A) shRNA
adenovirus.

(F) Wild-type mice were subjected to sham or I/R injury (30°/60”) and heart extracts were
subjected to immunoprecipitation using H-Ras, K-Ras or control 1gG antibody.

(G) Cardiac myocytes were transduced with LacZ or myc-H-Ras12V adenovirus and treated
with vehicle, LY294002 (10 uM), or PD98059 (10 uM) to inhibit PI3K and MEK1
respectively, 30 minutes prior to addition of H,O, (100uM). TUNEL was performed 6-8
hours later, n = 3. *p<0.05.

(H) Cardiac myocytes were transduced with LacZ or myc-K-Ras12V in combination with
shCTRL, shMST1 or shRASSF1A adenovirus, and TUNEL was performed 48-72 hours
later, n = 3. *p<0.05. Data are represented as mean + SEM. See also Figure S2.
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Figure 3. Mitochondrial translocation of Mstl is mediated by RASSF1A
(A) Cardiac myocytes were treated with vehicle or H,O, (100uM) and cells were harvested

at 5, 15, 30 and 60 minutes. Subcellular fractionation was performed to obtain cytosolic
(GAPDH)- and mitochondria (Cox IV)-enriched fractions.

(B) Localization of p-Mst1 (green) in cardiac myocytes transduced with either sShCTRL or
shMST1 adenovirus. Cells were treated with H,O, (100 pM) for 30 minutes after
knockdown. MitoTracker Red was used to visualize mitochondria. Scale bar, 20 pm.

(C) Interaction between RASSF1A and Mstl is increased in response to oxidative stress.
Cardiac myocytes were transduced with HA-RASSF1A or HA-RASSF1A(L308P)
adenovirus and treated with vehicle or H,O, (100 pM) for the times indicated. Samples were
subjected to immunoprecipitation using anti-HA.

(D) The association between RASSF1A and Mstl mediates Mst1 translocation. Cardiac
myocytes were transduced with LacZ, HA-RASSF1A or HA-RASSF1A(L308P) and treated
with vehicle or H,O, (100 pM) for 60 minutes, and cytosolic- and mitochondria-enriched
fractions were prepared.

(E) Increased Mst1 in mitochondria-enriched fractions following I/R (30°/60°) is attenuated
in Rassfla™/~ hearts.

(F) Quantitation of results from I/R experiments, n = 3-4 per group. *p<0.05. N.S. = not
significant.

(G) Mst1 phosphorylation by I/R (30°/60°) is attenuated in Rassfla™~ hearts.

(H) Quantitation of results from I/R experiments, n = 3-4 per group. *p<0.05. Data are
represented as mean £ SEM. See also Figure S3.
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Figure 4. Mstl antagonizes Bcl-xL-Bax association and promotes mitochondrial apoptosis
(A) Oxidative stress promotes the interaction of endogenous Mstl and Bcl-xL. Cardiac

myocytes were treated with vehicle or H,O, (100 uM) for 30 minutes. Immunocomplexes
were precipitated using anti-Mst1 antibody.

(B) Mstl expression decreases the association between endogenous Bcl-xL and Bax.
Cardiac myocytes were transduced with LacZ or Mst1 adenovirus and complexes were
immunoprecipitated using anti-Bcl-xL antibody.

(C) Quantitation of Bcl-xL-Bax association, n = 3. *p<0.05.

(D) Active Bax is increased following ectopic Mst1 expression. Cardiac myocytes were
transduced with LacZ or Mst1 adenovirus and the active conformation of Bax was
precipitated using the monoclonal 6A7 anti-Bax antibody.

(E) Quantitation of Bax activation, n =3. *p<0.05.

(F) Active Bax is increased in Mst1-Tg mouse hearts compared to NTg controls.

(G) Mitochondrial membrane potential is decreased in cardiac myocytes expressing Mst1.
Cells were incubated with JC-1 (10 pg/mL) for 15 minutes at 37°C to evaluate
mitochondrial outer membrane integrity. Scale bar, 200 um.

(H) Mst1 expression promotes cytochrome ¢ accumulation in cytosol-enriched fractions in
cardiac myocytes.

() Expression of Mst1 increases the cleaved form of caspase-9 and -3 in cardiac myocytes.
(J) Knockdown of endogenous Mst1 attenuates oxidative stress-induced apoptosis. Cardiac
myocytes were transduced with shCTRL or shMST1 adenovirus. Cells were then treated
with vehicle or H,O, (100 uM) and apoptosis evaluated by TUNEL. *p<0.05. Data are
represented as mean + SEM.
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(K) Mstl expression induced caspase-3 activation in wild-type but not bax-/-bak-/- mouse
embryonic fibroblasts. See also Figure S4.
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Figure 5. Mst1 phosphorylates Bcl-xL at Serine 14
(A) Autoradiograph (right panel) demonstrating direct phosphorylation of Bcl-xL by Mstl

and the corresponding Coomassie-stained gel (left panel). In vitro kinase reaction was
performed at 30°C for 30 minutes using recombinant human Mst1 and Bcl-xL proteins.

(B) Stress induces phosphorylation of endogenous Bcl-xL. Cardiac myocytes were treated
with HyO5 (100 uM) or chelerythrine (10 uM) for the times indicated. Cell lysates were
analyzed by Phos-tag to visualize the shifted phosphorylated species.

(C) Increased Mst1 expression promotes Bcl-xL phosphorylation at Ser14. Cardiac
myocytes were transduced with LacZ or Mstl adenovirus and phosphorylation of Ser14 and
Ser62 was detected using phospho-specific antibodies.

(D) Bcl-xL phosphorylation in hearts of NTg, Mst1-Tg and Dn-Mst1-Tg mice.

(E) Phosphorylation of Bcl-xL at Ser14 is increased during I/R. Wild-type mice were
subjected to sham operation, 30 minutes ischemia (Isc) or ischemia followed by various
times of reperfusion.

(F) NTg and Dn-Mst1-Tg mice were subjected to sham or I/R (30°/30°) operation and heart
homogenates were probed for Bcl-xL Ser14 phosphorylation.

(G) Bcl-xL Ser14 phosphorylation is increased in failing human hearts. Immunoblot of Bcl-
xL and Mst1 phosphorylation in donor (healthy; D1, 6, 9 and 12) and recipient (diseased;
R1, 8, 9 and 12) human heart tissue samples.

(H) Mstl inhibits the association between Bcl-xL and Bax in vitro. Recombinant Bcl-xL
was incubated with recombinant Mst1 in the presence or absence of ATP prior to incubation
with recombinant Bax protein and subsequent immunoprecipitation using anti-Bcl-xL
antibody.
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() Bel-xL phosphomimetic mutant showed impaired protection against Mst1-induced
apoptosis. Cardiac myocytes were transduced with LacZ, wild-type Bcl-xL (WT), Bel-xL
Serl4—Ala (SA), or Bel-xL Serl4— Asp (SD) with or without Mst1 and TUNEL was
performed after 48 hours, n = 3. *p<0.05. N.S. = not significant.

(J) Bel-xL phosphomimetic mutant had impaired protection against cardiac myocyte death.
Myocytes were transduced with adenovirus as described in (1) prior to treatment with H,0,
(100 uM), chelerythrine (10 uM) or vehicle for 24 hours. Cell Titer Blue assay was used to
quantitate cell viability, n = 3. *p<0.05. N.S. = not significant.

(K) Hearts of wild-type mice were transduced with adenovirus. Mice were subjected to I/R
(30°/24hr), and the left ventricle was sectioned and incubated with 1% TTC to visualize
infarct (pale white). Alcian blue was used to demarcate area at risk (AAR, red) from non-
ischemic tissue (blue). Quantitation of infarct as a percentage of area at risk (AAR).
*p<0.05.

(L) Quantitation of AAR as a percentage of left ventricular mass. N.S. = not significant. (M)
Representative images demonstrating infarct size of treatment groups. Scale bar, 1 mm. Data
are represented as mean + SEM. See also Figure S5.
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Figure 6. Kras™'~ mice are protected against I/R injury
(A) Representative immunoblot showing reduced K-Ras expression in the Kras*~ mouse

heart.

(B) Representative images demonstrating reduced infarct size in Kras*/~ hearts. Scale bar, 1
mm.

(C) Quantitation of infarct as a percentage of AAR. *p<0.05.

(D) Quantitation of AAR as a percentage of left ventricular mass. N.S. = not significant.

(E) Representative immunoblot demonstrating attenuated Mst1 activation in Kras*~ hearts
after I/R. Mice were subjected to sham or I/R (30°/60°) and ventricular extracts were
analyzed.

(F) Representative immunoblot showing reduced H-Ras expression in Hras™~ mouse hearts.
(G) Representative images demonstrating no change in infarct size in Hras*/~ hearts.Scale
bar, 1 mm.

(H) Quantitation of infarct as a percentage of AAR. N.S. = not significant.

(1) Quantitation of AAR as a percentage of left ventricle mass. N.S. = not significant. Data
are represented as mean + SEM.

(J) Representative immunoblot demonstrating unaltered Mst1 activation in Hras*~ hearts
after I/R. Mice were subjected to sham or I/R and analyzed as described in (E). (K) Schema
summarizing our working hypothesis. See also Figure S6.
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