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Abstract

RAS activation is implicated in physiologic and pathologic cardiac hypertrophy. Cross-talk
between the Ras and calcineurin pathways, the latter also having been implicated in cardiac
hypertrophy, has been suspected for pathologic hypertrophy. Our recent discovery that germ-line
mutations in RAF1, which encodes a downstream RAS effector, cause Noonan and LEOPARD
syndromes with a high prevalence of hypertrophic cardiomyopathy provided an opportunity to
elaborate the role of RAF1 in cardiomyocyte biology. Here, we characterize the role of RAF1
signaling in cardiomyocyte hypertrophy with an aim of identifying potential therapeutic targets.
We modeled hypertrophic cardiomyopathy by infecting neonatal and adult rat cardiomyocytes
(NRCMs and ARCMs, respectively) with adenoviruses encoding wild-type RAF1 and three
Noonan/LEOPARD syndrome-associated RAF1 mutants (S257L, D486N or L613V). These RAF1
proteins, except D486N, engendered cardiomyocyte hypertrophy. Surprisingly, these effects were
independent and dependent of mitogen activated protein kinases in NRCMs and ARCMs,
respectively. Inhibiting Mek1/2 in RAF1 overexpressing cells blocked hypertrophy in ARCMs but
not in NRCMs. Further, we found that endogenous and heterologously expressed RAF1
complexed with calcineurin, and RAF1 mutants causing hypertrophy signaled via nuclear factor of
activated T cells (Nfat) in both cell types. The involvement of calcineurin was also reflected by
down regulation of Serca2a and dysregulation of calcium signaling in NRCMs. Furthermore,
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treatment with the calcineurin inhibitor cyclosporine blocked hypertrophy in NRCMs and ARCMs
overexpressing RAF1. Thus, we have identified calcineurin as a novel interaction partner for
RAF1 and established a mechanistic link and possible therapeutic target for pathological
cardiomyocyte hypertrophy induced by mutant RAF1.
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1. Introduction

Cardiac hypertrophy is elaborated via several intracellular signaling pathways including the
calcineurin/nuclear factor of activated T cells (NFAT) and RAS/mitogen-activated protein
kinase (MAPK) cascades [1]. Activation of RAS is implicated in cardiac hypertrophy, with
cross-talk between the RAS and calcineurin pathways being suspected for pathologic
hypertrophy but its basis being poorly understood [2]. Recently, RAF1 missense mutations
with gain-of-function effects on RAF1’s kinase activity were found to cause Noonan and
LEOPARD syndromes (NS and LS, respectively) with a high prevalence of hypertrophic
cardiomyopathy (HCM) [3, 4]. The majority of RAF1 mutations causing NS and LS cluster
around Ser?%9 and Serf21, Those HCM-associated mutations exhibited high kinase activites
and increased Erk activation in Cos cells highlighting the significance of those two
phosphorylation sites, particularly as it pertains to cardiac hypertrophy (eg. S257L and
L613V). Mutations in the activation segment, which are infrequently associated with HCM
(eg. D486N), showed impaired kinase and reduced Erk activation in Cos cells. Here, we
elucidated the role of RAF1 in cardiac hypertrophy by expressing wild-type RAF1 and three
NS/LS-associated RAF1 mutants representing the three mutation clusters, (S257L, D486N
and L613V), in rat cardiomyocytes. Overexpression of the mutants from the Ser2%9 and
Serb21 clusters (eg. S257L or L613V) induced hypertrophy that was independent and
dependent of Erk1/2 activation in NRCMs and ARCMs, respectively. The activation
segment mutant, D486N, failed to induce hypertrophy. By analyzing various hypertrophic
signaling pathways to identify molecules that RAF1 may regulate in cardiomyocytes, we
identified calcineurin (also known as protein phosphatase 2B) as a major interacting partner
of RAF1 in cardiomyocytes in NRCMs and ARCMs. Strikingly, the wild type and the
mutants (S257L or L613V) RAF1-calcineurin complexes regulated calcium signaling and
initiated hypertrophy in NRCMs and ARCMs. However, wild-type RAF1 signals through
Mef2 in NRCMs but not in ARCMs. L613V RAFL1 signals through Nfat in both cell types.
In contrast, D486N RAF1 failed to activate Nfat or Mef2. Blocking the Erk pathway using a
dominant negative form of Mek1 blocked hypertrophy in ARCMs, but not in NRCMs,
overexpressing RAFL. In contrast, inhibiting calcineurin with cyclosporine blocked the
induction of cardiomyocyte hypertrophy in NRCMs and ARCMs. Thus, we have identified
calcineurin as a novel interaction partner for RAF1 and established a novel interaction
between two nodal pathways in hypertrophy that has therapeutic implications for
pathological cardiomyocyte hypertrophy induced by RAF1 mutants.

2. Methods

All animal procedures were performed with the approval of IACUC at the Mount Sinai
School of Medicine and in accordance with the National Institute of Health’s Guide for the
Care and Use of Laboratory Animals. The methods used in this study are detailed in the
online data as supplement methods.
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3.1. Effect of a RAF1 mutant at the Ser621 cluster (Ad.RAF1-613V) in NRCMs

We infected NRCMs with recombinant adenoviruses encoding either wild-type or L613V
RAF1. After 72 h, Ad.RAFIWT and Ad.RAF1-613V infections resulted in increased RAF1
protein levels compared to control cells infected with Ad.GFP. Of note, RAF1 levels in
NRCMs expressing the L613V mutant were lower than in those expressing the wild-type
protein, which was not due to a difference in infection efficiency or expression from that
virus since GFP levels were comparable among all infected cells (Fig. 1a). Treatment with
the proteasomal inhibitor, MG132, equalized RAF1 levels among infected NRCMs
(Supplementary Fig. 1a). Since the stability of RAF1 is dependent upon the phosphorylation
of Serb21 [6], which is near the mutation site, we considered the possibility that the L613V
substitution might affect the phosphorylation status of that regulatory residue. Using
phospho-specific antibodies, we found that Ser®21 of L613V RAF1 was minimally
phosphorylated, which was different from wild-type RAF1, while the phosphorylation status
of Ser?59, a residue that cooperatively regulates RAF1’s function with Ser521, was normally
phosphorylated (Supplementary Fig. 1b and c). Collectively, these data suggest that the
L613V mutation negatively affects the phosphorylation of Ser®2! in cardiomyocytes,
resulting in enhanced proteasomal degradation of this mutant RAF1 protein.

3.2. RAF1 overexpression induces cardiomyocyte hypertrophy with cell elongation in

NRCMs

To determine whether expression of the L613V RAF1 in NRCMs promoted cardiomyocyte
hypertrophy, modeling the HCM observed in NS and LS patients, cell surface area,
sarcomeric organization, protein synthesis rate and fetal gene expression were analyzed.
Seventy-two hours after adenoviral infection, NRCMs overexpressing wild-type and L613V
RAF1 had significantly increased average surface areas compared to Ad.GFP-infected
NRCMs, attributable to dramatic increases in cell length (Table 1, Fig. 1b and
Supplementary Fig. 1d and e). As generally observed with cardiomyocyte hypertrophy,
NRCMs overexpressing wild-type RAF1 showed an increase in sarcomeric reorganization
but those overexpressing the mutant RAF1 showed a disorganized and diffused pattern of
sarcomeric architecture, which were not present in GFP-overexpressing cells (Fig. 1b and
Supplementary Fig. 1d). We examined protein synthesis rates of NRCMs overexpressing
wild-type and L613V RAF1 using the [3H]-leucine incorporation method and observed
marked increases compared to GFP-expressing cells (Fig. 1c). We also found that the
steady-state expression levels of atrial natriuretic factor (Anf), a-skeletal actin (Actal) and -
myosin heavy chain (Myh7) were increased significantly in NRCMs overexpressing wild-
type and L613V RAF1 compared to GFP-expressing cells (Fig. 1d-f), evidence of re-
activation of the fetal gene program. Collectively, these data support the conclusion that
overexpression of wild-type and L613V RAF1 promotes cardiomyocyte hypertrophy, but
only L613V RAF1 causes sarcomeric disorganization.

3.3. RAF1 overexpression induces cardiomyocyte hypertrophy independent of Mapk
activation in NRCMs

Rafl phosphorylates Mek1/2, which then activate Erk1/2. To test our hypothesis that Erk
activation was modulating the hypertrophy in cardiomyocytes overexpressing RAF1
proteins, we assessed the phosphorylation status of Erk1/2. Surprisingly, we observed that
the ratio of phospho Erk1/2 to total Erk1/2 was unchanged in NRCMs overexpressing wild-
type and L613V RAF1 compared to GFP-expressing cells respectively (Fig. 2a). Since this
result was unexpected, we considered the possibility that RAS signaling was being
desensitized as cardiomyocyte hypertrophy progressed. To test this, we expressed a
dominant-negative form of Mek1 along with the RAF1 proteins to block signaling to Erk1/2
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and found no abrogation of the cardiomyocyte hypertrophy (Table 1 and Fig. 2b—e). Since
overexpressed RAF1 proteins were able to induce cardiomyocyte hypertrophy independently
of Erk1/2 activation in NRCMs, we explored whether activation of other Mapks was
mediating this effect. Activation of Jnk (c-Jun N-terminal kinase) and p38 Mapk were
similar and decreased, respectively, in NRCMs overexpressing wild-type and L613V RAF1
as compared to GFP-expressing cardiomyocytes (Supplementary Fig. 2 and 3). We then
examined the status of Erk5 because its activation has been associated with cardiomyocyte
elongation [7], but found that it was also unchanged in RAF1-expressing NRCMs
(Supplementary Fig. 4a). Thus, we concluded that the overexpressed RAF1 proteins were
able to signal independently of Mapk to engender NRCM hypertrophy.

3.4. Search for the mechanism underlying RAF1-Induced hypertrophy in NRCMs

Next, we assessed the status of several phosphoproteins participating in signaling pathways
previously implicated in cardiac hypertrophy. We observed that the levels of phospho-Stat3
(Signal transducers and activators of transcription), -Akt (Protein kinase B), -Gsk3[
(Glycogen synthase kinase), and —Acc (Acetyl-CoA carboxylase) (Supplementary Fig. 4b,
5a-b & 6) were not altered in NRCMs expressing wild-type or L613V RAF1 compared to
GFP-expressing cells. These results suggested that signaling through the Jak-Stat, Akt-
Gsk3p, and Ampk-Acc pathways was not engendering the RAF1-induced cardiomyocyte
hypertrophy.

Askl (Apoptosis signal-regulating kinase 1) is known to interact directly with Rafl and has
roles in cardiomyocyte cell death and, possibly, hypertrophy [8-10]. Calcineurin
dephosphorylates Ask1 at Ser%7, resulting in a loss of 14-3-3 binding and Ask1 activation
[9]. We observed that NRCMs overexpressing L613V RAF1 had notably lower levels of
pAsk1 (Ser%7) compared to those overexpressing wild-type RAF1 or GFP (Fig. 3a)
suggesting that Ask1 was activated by the mutant. However, co-expression of a dominant-
negative form of Ask1 with RAF1 L613V failed to suppress cardiomyocyte hypertrophy
(Table 1, Fig. 3b-¢). Therefore, we concluded that Askl activation was not mediating this
phenomenon.

3.5. Wild-type and L613V RAF1 signal through calcineurin to induce cardiomyocyte

hypertrophy

Next, we explored a possible role of the calcineurin-Nfat pathway in RAF1-mediated
cardiomyocyte hypertrophy since signaling through the Nfat transcription factors has been
associated with pathologic cardiac hypertrophy. This seemed particularly plausible since p38
Mapk, which can inhibit signaling via Nfat [11, 12], showed reduced activity in NRCMs
overexpressing wild-type and L613V RAF proteins (Supplementary Fig. 2). Using a
luciferase reporter with nine multimerized Nfat binding sites, we observed that the Nfat
activity in NRCMs expressing the L613V RAF1 was increased approximately 16 fold
compared to cells infected with Ad.GFP or Ad.RAF1WT (Fig. 4a). To determine whether the
increased transcriptional activity of Nfat was necessary for RAF1 L613V-induced
cardiomyocyte hypertrophy, we co-infected cells with an adenovirus expressing VIVIT
(Ad.VIVIT), a peptide that selectively blocks calcineurin’s Nfat binding site without
affecting its phosphatase activity. VIVIT expression nearly completely abrogated
cardiomyocyte hypertrophy for NRCMs expressing L613V RAF1 but not for those
expressing wild-type RAF1 and had minimal effect on cardiomyocytes expressing only GFP
(Table 1 and Fig. 4b-e).

Since the cardiomyocyte hypertrophy engendered by overexpression of wild-type RAF1
could not be attributed to signaling through Nfat, we considered the possibility that Mef2,
another major downstream effector of calcineurin, was relevant [13]. Using a luciferase
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reporter with eight multimerized Mef2 binding sites, we observed that the Mef2 activity in
NRCMs expressing wild-type RAF1 was increased approximately 15 fold compared to cells
that were expressing GFP or L613V RAF1 (Fig. 5a). To determine whether the increased
transcriptional activity of Mef2 was necessary for cardiomyocyte hypertrophy induced by
wild-type RAF1, we co-infected cells with an adenovirus expressing dominant-negative
Mef2. Dominant-negative Mef2 nearly completely abrogated cardiomyocyte hypertrophy for
NRCMs expressing wild-type RAF1 but not for those expressing L613V RAF1 and had
minimal effect on cells expressing only GFP (Table 1 and Fig. 5b-¢).

The foregoing results support the idea that wild-type and L613V RAF1 induce cardiac
hypertrophy by signaling through calcineurin, albeit through different effectors (Mef2 and
Nfat, respectively). To provide evidence that this signaling required calcineurin, we used a
pharmacologic approach. Treatment with the calcineurin-inhibitor, cyclosporine A,
eliminated cardiomyocyte hypertrophy for NRCMs expressing wild-type or L613V RAF1 as
assessed by cell area, protein synthesis rate and re-expression of fetal markers (Tablel, Fig.
6a-d).

3.6. RAF1 directly interacts with calcineurin

Since wild-type and L613V RAF1 proteins were signaling through calcineurin, we
considered the possibility that there was a physical interaction between the RAF1 and
calcineurin. Using co-immunoprecipitation, we detected RAF1 and calcineurin
immunologically in immunoprecipitates from cells overexpressing RAF1 (Fig. 6e & f).
More importantly, we detected Raf1-calcineurin complexes in uninfected NRCMs,
documenting that this interaction was not an artifact of RAF1 overexpression. Taken
together, these data suggest that the interaction of Rafl and calcineurin is likely to mediate
physiological and pathological signaling in cardiomyocytes.

3.7. RAF1 impairs calcium signaling by down-regulating sarco/endoplasmic reticulum
Ca2*-ATPase 2a (SERCA2a)

Calcineurin/Nfat signaling has been implicated as a critical transducer that uniquely links
changes in intracellular calcium handling in cardiac hypertrophy [14, 15]. Thus, the
observed interaction also pointed to the possibility that RAF1 might target components of
calcium regulatory proteins through calcineurin and regulate calcium activity. We measured
the total expression levels of several proteins (Serca2a, sodium-calcium exchanger (Ncx1)
and inositol 1, 4, 5-triphosphate (Ip3)) that are known to play vital roles in calcium signaling
in conjunction with calcineurin. We found that Serca2a was significantly down regulated in
NRCMs overexpressing wild-type and L613V RAF1 but that the other proteins were
unchanged (Fig. 7a—c). To evaluate whether altered signaling through the RAF1-calcineurin
complex perturbed intracellular Ca2* handling, intracellular cytoplasmic Ca2* transients
were measured. With slow pacing at 0.2 Hz, Ca%* transients in cardiomyocytes expressing
GFP followed electrical stimuli with a 1:1 correspondence, whereas the RAF1-
overexpressing cells exhibited spontaneous Ca2* transients that were unassociated with
electrical stimuli, indicative of unstable Ca?* handling (Fig. 8a-c). To quantify the degree of
Ca?* handling dysfunction, we computed three measures as described in Methods and
Supplementary Methods. During 0.2-Hz pacing, the wild-type and L613V RAF1-
overexpressing cardiomyocytes exhibited slower average Ca2* transient rates of decay (Fig.
8d) and greater percentages of cells exhibiting spontaneous Ca?* transients (Fig. 8e)
compared to control cardiomyocytes expressing GFP. Pacing at 2 Hz induced irregular Ca*
transients to a greater extent in the wild-type and L613V RAF1-overexpressing
cardiomyocytes than in control cells (Fig. 8f). Further, the sarcoplasmic reticulum (SR)
calcium load in the L613V RAF1-overexpressing cardiomyocytes was increased compared
to wild type and GFP (Fig. 8g). Thus, the present data establish a potential link between
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signaling from RAS through RAF1 for pathologic hypertrophy and calcium dysregulation,
which could be potentially arrhythmogenic.

3.8. Effects of RAF1 mutations at the Ser?9 cluster and activating segment

The L613V mutation is representative of the HCM-associated mutations that cluster at the
C-terminus near Ser21, To understand the effects of mutations at the Ser2>? cluster and the
activating segment, we infected NRCMs with representative recombinant adenoviruses
encoding either S257L or D486N RAF1 and performed key experiments including
assessments of the phosphorylation status of RAF1, Erk1/2 activation, cellular hypertrophy,
Nfat and Mef2 signaling, and RAF1-calcineurin complexing as well as determining the
effect of treating with cyclosporine to rescue the hypertrophic phenotype. As anticipated, we
found that S257L RAF1 negatively affected the phosphorylation of Ser2>9 but
phosphorylation of that residue was normal in the D486N protein (Supplementary Fig. 7).
The levels of pErk1/2 activation were unchanged in NRCMs overexpressing the S257L or
D486N RAF1 proteins (Supplementary Fig. 8). Overexpression of the S257L RAF1 induced
cardiac hypertrophy similarly to L613V protein whereas the kinase-dead mutant, D486N,
failed to induce hypertrophy as assessed by protein synthesis rate and fetal gene expression
(Supplementary Fig. 9a-c). Further, transcription activity from Nfat, but not Mef2, was
increased in cardiomyocytes overexpressing S257L RAF1 whereas overexpression of
D486N protein failed to induce Nfat or Mef2 activity (Supplementary Fig. 10a and b). As
with endogenous Rafl and overexpressed wild-type and L613V RAF1 proteins, S257L
RAF1 complexed with calcineurin; that interaction was abrogated for overexpressed D486N
RAF1 (Supplementary Fig. 11). Finally, we were able to rescue the hypertrophic phenotype
engendered by S257L RAF1 overexpression using cyclosporine (Supplementary Fig. 9).
Collectively, these results suggest that RAF1 mutations at the Ser259 and Ser521 clusters in
NRCMs mediate cardiomyocyte hypertrophy through a comparable mechanism dependant
upon signaling through calcineurin but not Erk1/2 and also explain the negative association
of HCM with RAF1 mutations residing in the activation loop.

3.9. Effects of RAF1 mutant (L613V) on adult cardiomyocytes (ARCMSs)

To understand the effects of the RAF1 mutations in ARCMs, we infected those cells with
representative recombinant adenoviruses encoding either WT or L613V RAF1 and
performed key experiments including assessments of the cell surface area, phosphorylation
status of RAF1, Erk1/2 activation, cellular hypertrophy, Nfat and Mef2 signaling, and
RAF1-calcineurin complexing as well as determining the effect of treating with cyclosporine
to rescue the hypertrophic phenotype. Cell surface areas were increased in the ARCMs
overexpressing WT and L613V compared to GFP (Supplementary Fig. 12 a and b). As
observed with NRCMs, the overexpression of L613V was low compared to WT
(Supplementary Fig. 13a) and phosphorylation was reduced at S621 but unchanged at S259
(Supplementary Fig. 13b). In contrast to the findings with NRCMs, overexpression of
L613V RAFL1 increased the levels of pErk1/2 in ARCMs (Supplementary Fig. 14).
Overexpression of the WT and L613V RAF1 induced cardiac hypertrophy as assessed by
fetal gene expression (Supplementary Fig. 15a, b and c¢). Further, transcription activity from
Nfat was increased in cardiomyocytes overexpressing L613V RAF1 whereas overexpression
of WT failed to induce Nfat or Mef2 activity (Supplementary Fig. 16a). WT and L613V
RAF1 interact with calcineurin in ARCMs as had been observed in NRCMs (Supplementary
Fig. 16b). Finally, we were able to rescue the hypertrophic phenotype engendered by RAF1
overexpression by co-expressing a dominant negative form of MEK or by treating with
cyclosporine (Supplementary Fig. 15 and 17 a, b and c). Collectively, these results suggest
that the hypertrophic effects of RAF1 in ARCMs depend upon signaling through Mek/Erk
and calcineurin.

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 July 1.
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4. Discussion

Collectively, our results provide important, molecular and clinically-relevant insights into
the signaling pathways leading to cardiac hypertrophy. Cardiac hypertrophy is stimulated by
biomechanical and neurohumoral mechanisms. Neurohumoral stimuli include ligands such
as growth factors, hormones and cytokines that utilize G-protein-coupled receptors, gp-130-
linked receptors and receptors kinases, particularly receptor tyrosine kinases (RTKS).
Activation of RAS, which is a well-described result of RTK stimulation, occupies a critical
role in cardiac hypertrophy as first established with in vitro studies with cardiomyocytes and
in vivo studies with transgenic mice expressing constitutively active Hras (G12V) [16, 17].
Transgenic mice with cardiac-specific expression of Hras G12V developed HCM with
myofibrillary disarray and Anf re-expression, phenocopying human HCM observed in
individuals with sarcomeric gene defects as well in NS.

The canonical signaling pathway downstream from RAS is RAF-MEK-ERK. Numerous
studies have examined the role of this pathway in cardiac hypertrophy with interesting, if
complex, results. Overexpression of activated Mek1 in the mouse heart resulted in
concentric hypertrophy with Erk1/2 activation and re-activation of Anf expression but did
not cause cardiac fibrosis, diastolic dysfunction or lethality, consistent with physiologic
rather than pathologic hypertrophy [18]. Pharmacologic inhibition of Raf and Mek in
cultured cardiomyocytes blocked endothelin-1 and phenylephrine-induced hypertrophy and
Mek inhibition prevented L-NAME-induced hypertrophy in rats [19, 20]. Transgenic
expression of a dominant-negative Rafl in mouse heart resulted in a reduced hypertrophic
response to pressure overload with diminished Erk1/2 activation and no re-activation of Anf
expression [21]. In contrast, genetic reduction of Erk activation per se (Erkl 7~ and Erk2*/~
mice as well as Dusp6 transgenic mice) did not abrogate the hypertrophic response to
pressure overload [22]. Recently, Erk1/2 has also been shown to be a critical regulator of
cell growth and size in cardiac hypertrophy. Eccentric (elongated) hypertrophy does not
involve Erk1/2 whereas concentric (width wise) hypertrophy requires Erk1/2 [23]. Our data
are consistent with these findings as overexpression of RAF1 proteins induced elongated
growth without Erk1/2 activation in NRCMs but concentric growth with Erk1/2 activation in
ARCMs. Taken as a whole, it appears that signaling from RAS to ERK1/2 plays some role
in cardiac hypertrophy but the involvement of other pathways is suggested.

Our results provide new insights into how RTK activation signaling through RAS induces
hypertrophy. We showed that overexpression of wild-type and gain-of-function RAF1 in
ARCMs caused cardiomyocyte hypertrophy by activating the Erk1/2 and calcineurin
pathways whereas similar RAF1 overexpression in NRCMs only activated calcineurin
signaling. Activation of multiple pathways either in parallel or independently by RAS-
MAPK members including RAS, SOS1 and MEK are widely observed. For example,
overexpression of Hras G12V in NRCMs resulted in increased Jnk and Nfat activity [24].
Also, activated Mek expression in NRCMs and in transgenic mice increased Erk1/2 [23] and
Nfat activity in a calcineurin-independent manner [7]. Interestingly, cardiac tissue from Sosl
mouse model also showed upregulation of multiple pathways including Erk1/2, Rac and
Stat3 [25]. Our observations that RAF1 overexpression induced hypertrophy via multiple
pathways (Erk1/2 and calcineurin) depending on the developmental stage of heart, and that
RAF1 and calcineurin interact directly outlines a crucial role for these pathways in the
pathogenesis of cardiomyopathy in NS. Following the seminal discovery of the role of
signaling via calcineurin-NFAT in pathologic hypertrophy [26], interactions between that
pathway and RAS signaling have been contemplated. Based on our present data, we suggest
that the level of cross-talk between the RAS and calcineurin pathways might be crucial at
the RAF1 level. However, RAF1 regulation is highly intricate, depending upon various
factors including the type of cardiomyocte, localization, time, dose, type of stimulus and
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feedback mechanisms. Further adding to the complexity, NRCMs and ACMs have
overlapping and significant physiological and functional differences as reviewed [27]. Thus,
it is possible that in vitro overexpression may result in complex results. Clearly, additional
studies using a Rafl mouse model at various cardiac developmental stages addressing the
differences in the activation of Erk1/2 and/or calcineurin-Nfat pathways will shed light on
this particular hypertrophic signaling pathway.

Clinical observations concerning inherited RAS pathway disorders correlate well with the
experimental data about the roles of specific proteins in that pathway vis a vis cardiac
hypertrophy. To date, germline MEK1 and MEK2 mutations have been identified in 28
individuals with cardio-facio-cutaneous syndrome, of whom 8 (29%) had HCM [28-31].
Data about HCM severity or its outcome were not provided save the single case described
by Dentici et al., in which the HCM was described as mild [31]; no arrhythmia has been
associated with a MEK mutation. Of note, all MEK mutants that have been characterized
biochemically demonstrate increased kinase activity with some being constitutively active
[31, 32]. The prevalence of HCM among patients with Noonan syndrome caused by RAF1
defects is considerably higher- 27/35 (77%) if all mutations are included and 26/29 (90%)
for gain-of-function mutations clustering near Ser2>9 and Ser621 [3, 4, 32, 33]. Moreover, the
severity of the HCM appears to be greater with several instances of sudden death and one of
atrial ectopic tachycardia [34]. Of interest, HRAS Gly!2 and Gly3 missense mutations
underlying Costello syndrome also engender HCM and atrial arrhythmias (19 and 17 of 40
patients for prevalence rates of 47% and 42%, respectively) [35]. The commonest allele,
constituting 82% of cases, is G12S, which has substantially less GTPase activity than the
G12V allele that caused remarkable hypertrophy in NRCMs and transgenic mice. Thus,
germline gain-of-function RAF1 and MEK1/2 mutations in humans are experiments of
nature that provide evidence that RAF1 occupies a more important role in pathologic cardiac
hypertrophy than do MEK1/2. These clinical observations are consistent with our current
findings showing that RAF1 can signal through multiple pathways depending on the
developmental stage of the heart to induce pathologic hypertrophy, even bypassing the
Erk1/2

Finally, calcium handling in cardiomyocytes with increased Ras signaling has previously
been shown to be altered. In transgenic mice expressing Hras G12V in the myocardium,
Serca2a protein levels were modestly depressed [36]. These findings are consistent with our
observations with NRCMs overexpressing gain-of-function RAF1, in which Serca2a was
also reduced and there was decreased decay of calcium transients with spontaneous calcium
transients. These abnormalities in calcium handling may provide the rationale for the atrial
arrhythmias observed in Costello syndrome and RAF1-associated Noonan syndrome as well
as the sudden death risk associated with the latter.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overexpression of wild-type and L613V RAF1 proteins induces cardiomyocyte
hypertrophy

Neonatal rat cardiomyocytes were infected with adenoviruses encoding GFP alone
(Ad.GFP), wild type RAF1 (Ad.RAFIWT) or a mutant RAF1 (Ad.RAF1L613V) and
harvested after 72 hours. (a) Representative immunoblots with total lysates that were probed
with anti-Rafl (top panel), anti-Gapdh (middle panel) and anti-Gfp (lower panel) antibodies.
Gapdh levels were used as loading control and Gfp levels were indicative of the efficiency
of viral production. Uninfected cardiomyocytes (UC) were used as a negative control.
Protein expression levels were normalized to respective Gapdh and expressed as relative
expression. Data are mean values + SD of three independent experiments $p <0.05 vs.
Ad.GFP; *p <0.01 vs. Ad.GFP; #p <0.05 vs. WT (b) Cardiomyocytes infected with the
viruses indicated at the right expressing GFP (left column) and stained with phalloidin to
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detect sarcomeric a-actinin(middle column) and merged (right column). Cells were imaged
with confocal laser microscopy. Scale bar- 387x387nm. (c) [3H]-leucine incorporation in
infected cardiomyocytes as an assessment of protein synthesis rates. *P <0.001 vs Ad.GFP.
Data are mean values + SD of three independent experiments. (d-f) Quantitative reverse
transcription PCR analysis of fetal gene re-activation. Steady-state mRNA levels of (d) atrial
natriuretic factor (Anf), (e) a-skeletal actin (Actal) and (f) B-myosin heavy chain (Myh7)
were performed. Expression levels were normalized to -actin and expressed as fold change
compared to level in the Ad.GFP cells. The mean fold induction + SD of three independent
experiments is shown. 8p <0.05 vs. Ad.GFP; *p <0.001 vs. Ad.GFP; *p <0.01 vs. Ad.GFP.
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Figure 2. Wild-type and L613V RAF1 does not cause cardiomyocyte hypertrophy via the
mitogen-activated protein kinases (Mapk), Erk1/2

(a) Representative immunoblot analysis of phospho-Erk1/2 in neonatal rat cardiomyocytes
infected with Ad.GFP, Ad.RAFIWT and Ad.RAF1-613V. A Mapk agonist, endothelin-1
(ET), that induces cardiac hypertrophy via Erk1/2, served as the positive control. Protein
expression levels were normalized to total Erk and expressed as relative expression. Data are
mean values + SD of three independent experiments. #p <0.05 vs. Ad.GFP (b-e) To show
that signaling via Erk1/2 was not necessary for RAF1-induced cardiomyocyte hypertrophy,
a dominant-negative form of Mek1 was co-expressed using Ad.MEKPN, Co-infected
cardiomyocytes were analysed 72 hours post infection for (b) protein synthesis rates and
steady-state expression levels of (c) Anf, (d) Actal and (e) Myh7. Data are mean values +
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SD of three independent experiments. *p <0.01 vs. untreated Ad.GFP; #p <0.01 vs. treated
Ad.GFP; 8p <0.001 vs. untreated Ad.GFP.
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Figure 3. ASK1 is not involved in RAF1-induced cardiomyocyte hypertrophy

(a) Representative immunoblots analysis of phospho-Ask1 (Ser967) and total Ask1 in
neonatal rat cardiomyocytes overexpressing GFP, wild-type RAF1 and L613V RAFL1.
Protein expression levels were normalized to total Erk and expressed as relative expression.
Data are mean values + SD of three independent experiments. *p <0.01 vs. Ad.GFP.
Neonatal rat cardiomyocytes were infected with Ad.GFP, Ad.RAFIWT and Ad.RAF1L613V
along with Ad.ASK1PN (treated). Seventy-two hours post infection, the cardiomyocytes
were analyzed for protein synthesis rates (b) and steady-state mMRNA levels of Anf (c), Actal
(d) and Myh7 (e). *p <0.01 vs. untreated Ad.GFP; #p <0.01 vs. treated Ad.GFP. Mean
values + SD of three independent experiments are shown.
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Figure 4. L613V RAF1 but not wild-type RAF1 causes cardiomyocyte hypertrophy via Nfat

(a) Nfat activity was determined in neonatal rat cardiomyocytes infected with Ad.GFP,
Ad.RAFIWT and Ad.RAF1L613V along with Ad.NFAT-LUC. Luciferase activity shown as
relative light units (RLU) represent mean values = SD of three independent experiments. *P
<0.001 vs Ad.GFP. Neonatal rat cardiomyocytes were co-infected with Ad.GFP,
Ad.RAFIWT and Ad.RAF1L613V along with Ad.VIVIT (treated) that blocks NFAT
specifically. Seventy-two hours hours post infection, cardiomyocytes were analyzed for
protein synthesis rates (b) and steady-state mMRNA levels of Anf (c), Actal (d) and Myh7 (e).
*p <0.01 vs. untreated Ad.GFP; #p <0.01 vs. treated Ad.GFP. Mean values + SD of three
independent experiments are shown.
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Figure 5. Wild-type RAF1 but not L613V RAF1 causes cardiomyocyte hypertrophy via Mef2
(a) Mef2 activity was determined in neonatal rat cardiomyocytes infected with Ad.GFP,
Ad.RAFIWT and Ad.RAF1L613V along with Ad.MEF2-LUC. Luciferase activity shown as
relative light units (RLU) represent mean values + SD of three independent experiments. *P
<0.001 vs Ad.GFP. Neonatal rat cardiomyocytes were co-infected with Ad.GFP,
Ad.RAFIWT and Ad.RAF1L613V along with Ad.MEF2PN (treated). Seventy-two hours post
infection, cardiomyocytes were analyzed for protein synthesis rates (b) and steady-state
mRNA levels of Anf (c), Actal (d) and Myh7 (e). *p <0.01 vs. untreated Ad.GFP; #p <0.01
vs. treated Ad.GFP. Mean values + SD of three independent experiments are shown.
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Figure 6. Calcineurin inhibition blocks the hypertrophy induced by wild-type and L613V RAF1
proteins

Neonatal rat cardiomyocytes were infected with Ad.GFP, Ad.RAF1IWT and Ad.RAF11613V
and treated with cyclosporine after 48 hours. Seventy-two hours post infection,
cardiomyocytes were analyzed for protein synthesis rates (a) and steady-state MRNA levels
of Anf (b), Actal (c) and Myh7 (d). *P <0.01 vs untreated Ad.GFP. Mean values + SD of
three independent experiments are shown. Rafl complexes with calcineurin (e)
Immunoblots with the indicated antibodies after immunoprecipitation with anti-calcineurin
antibody, rabbit pre-immune IgG (rlgG1) or Gapdh as negative control (NC) and reprobed
for calcineurin (e) Immunoblots with the indicated antibodies after immunoprecipitation
with anti-RAF1 antibody, mouse pre-immune IgG (mlgG1) or Gapdh as negative control
(NC) and reprobed for Raf1 (f).
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Figure 7. Serca2a is downregulated, but other calcium regulatory proteins are unchanged, in
cardiomyocytes expressing RAF1

Representative immunoblots with total lysates from neonatal rat cardiomyocytes expressing
GFP, wild-type RAF1 or L613V RAFL1 that were probed with anti-Serca2,-Gapdh, p-1p3, -
Ip3, -Ncx, and -Gapdh antibodies in panels from top to bottom (a-c). Protein expression
levels were normalized to indicated antibodies and expressed as Relative Expression. Data
are mean values + SD of three independent experiments. *p <0.01 and #p <0.01 vs. Ad.GFP.
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Figure 8. Intracellular calcium handling is dysregulated in neonatal rat cardiomyocytes
expressing wild-type and L613V RAF1

(a-c) Intracellular Ca2* transients from the three groups, as indicated, expressed as space-
time images (bottom) and average intracellular fluorescence (units of F/Fg, top). Image
scaling and Ca2* transient scale bars are different in the three cases because of different
baseline Ca2* transient amplitudes. Top scale bars indicate F/Fg ranges of 1.0-1.5 (left),
1.0-2.0 (middle), and 1.0-2.0 (right). Red arrows indicate timing of electrical stimuli, here
delivered every 5 seconds. Spatial scale bars indicate 2 um in all cases. (d) Ca2* transient
decay time constants, calculated from the following numbers of cells: n=42 (GFP), n=39
(WT RAF1) and n=36 (L613V RAF1). *P<0.05 vs. GFP by two-tailed Student’s t-test. (e)
Percentage of cells in each group exhibiting spontaneous Ca?* release when paced at 0.2 Hz.
*P<0.05 vs. GFP by two-tailed Fisher’s exact test. (f) Percentage of cells in each group
showing unstable beat-to-beat Ca?* release when paced at 2 Hz. *P<0.05 vs. GFP by two-
tailed Fisher’s exact test. (g) SR Ca2* load, quantified as peak AF/Fy in response to 20 mM
caffeine. Bars calculated from n=30 cells from each group. *P<0.05 vs. GFP by two-tailed
Student’s t-test. See Supplementary Methods for details of calculation of these metrics.
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Table 1

Morphometric analysis of cardiomyocytes

Cell treatment Area (um?) Major axis (um) | Minor axis (um) | Major/minor
Ad.GFP 2123 £ 632 62+11 40+ 10 1.42 +0.32
Ad.RAF1WT 3540 £1050 | 13635 33£13 470+1.98%
Ad.RAF1L613V 38211000 | 140 +38 32£13 498+ 215"
Ad.GFP+ Ad.MEKPN 1982 + 870 65 +15.34 43 £17.62 1.00+041
Ad.RAF1 WT+ Ad.MEKPN 3780 £ 1100 | 142 +37.02 35+11.43 450 +2.00°
Ad.RAF1 L613V4 Ad MEKPN | 3928 £1032 | 141+ 40 34+13.72 462+215°
Ad.GFP+ Ad.ASKPN 1962 + 670 54 +15 44 +13.56 1.00+0.21
Ad.RAF1 WT+ Ad. ASKPN 3092 + 890 142 +37.73 37+£9.2 4.60 £ 2.05°
Ad.RAF1L613V4 Ad ASKDN | 3789980 | 136 +43.98 34+£13 4.90 + 415"
Ad.GFP+ AdVIVIT 1937 + 423 51 +02 41+11 1.20+0.01
Ad.RAF1WT+ AdVIVIT 3370 + 992 132 +41 34+11.2 459 +1.88°
Ad.RAF1 L618V4 Ad VIVIT 2003+312 | 5913 39+15 1.35+0.12
Ad.GFP+ Ad.MEF2PN 1999 + 356 49+3 40+8 1.01+0
Ad.RAF1 WT+ Ad.MEF2PN 1890 + 567 49 + 02 39 +6.87 0.99+0.2
Ad.RAF1 L613V+ Ad MEF2DN | 3800 +890 | 141+33 29+12 4.99 +1.68°

*
P<0.01 versus GFP cells

Values are means of SD of three independent experiments;
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