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In this issue of the JCI, Wu et al. and Marin et al. describe two new mouse models of inherited disorders of the
RAS/MAPK signal transduction pathway that display hypertrophic cardiomyopathy (HCM); the model from the former
paper was from a gain-of-function Raff mutation, and the model from the latter paper was from a protein tyrosine
phosphatase, non-receptor type 11 (Ptpn11) mutated allele encoding Shp2 with impaired catalytic function. The two
groups show that HCM arises from increased signaling through Erk1/2 and the mTor complex 1, respectively, and that
those cardiac issues can be prevented or reversed with small-molecule therapies inhibiting the appropriate pathway.
Aside from being the first studies of treatment for Noonan syndrome and related disorders in a mammalian system, these
papers provide important insights into the role of RAS signaling in cardiac hypertrophy and suggest the complexity in
developing meaningful therapy for individuals with these RASopathies.
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In this issue of the JCI, Wu et al. and Marin et al. describe two new mouse
models of inherited disorders of the RAS/MAPK signal transduction path-
way that display hypertrophic cardiomyopathy (HCM); the model from the
former paper was from a gain-of-function Rafl mutation, and the model
from the latter paper was from a protein tyrosine phosphatase, non-recep-
tor type 11 (Ptpnl11) mutated allele encoding Shp2 with impaired catalytic
function. The two groups show that HCM arises from increased signaling
through Erk1/2 and the mTor complex 1, respectively, and that those cardiac
issues can be prevented or reversed with small-molecule therapies inhibit-
ing the appropriate pathway. Aside from being the first studies of treatment
for Noonan syndrome and related disorders in a mammalian system, these
papers provide important insights into the role of RAS signaling in cardiac
hypertrophy and suggest the complexity in developing meaningful therapy

for individuals with these RASopathies.

Signaling initiated by extracellular ligands,
such as growth factors and cytokines, that
is transduced through RAS proteins to
multiple effectors, including the MAPKs, is
central to cell proliferation, survival, differ-
entiation, metabolism, and migration. The
paradigmatic RAS/MAPK pathway (Fig-
ure 1) involves RAF proteins, particularly
RAF1 and BRAF, which are MAPK kinase
kinases that are activated after binding to
RAS-GTP and then activate MAPK kinases,
MEK1 and MEK2, which, in turn, activate
the MAPKs, ERK1 and ERK2. Since its
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discovery nearly 30 years ago (1), the enor-
mous role of perturbed RAS/MAPK signal-
ing in cancer biology has become evident.
Specifically, more than 30% of human
cancers include mutations in genes encod-
ing proteins in this pathway, particularly
RAS proteins and BRAF. The vast majority
of these genetic defects are acquired and
result in increased activation of ERK1/2,
often through gain-of-function alterations
of the mutant proteins.

The importance of increased RAS/MAPK
signaling in cancer spurred efforts to
develop novel therapies that can reduce it
(2). One strategy is to inhibit the mutant
protein specifically. The best example of
that approach is the ongoing work with
PLX4032 (also known as RO5185426),
which targets the BRAFV60E| the most
common oncoprotein implicated in mela-
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noma (3). Successful phase I and II clinical
trials with malignant melanoma have been
completed, and a phase III trial is ongoing
(4). However, the more common approach
has been to develop small molecules that
inhibit RAS/MAPK signaling broadly.
Products of this track have included the
farnesyl transferase inhibitors, which are
intended to reduce RAS translocation to
the cell membrane, a necessary step for
signaling, and inhibitors of RAF and MEK
activities. To date, these efforts have been
less successful (S5). Since RAS/MAPK sig-
naling is present in a wide array of normal
cells and RAS proteins control multiple
cellular processes and have several down-
stream effectors, titrating the right level of
inhibition to provide therapeutic efficacy
without incurring intolerable side effects
is challenging. Indeed, clinical trials with
PD325901, which is a highly specific MEK
inhibitor, were terminated early due to
ophthalmologic and neurologic toxicity,
despite the fact that MEK1/2 are down-
stream in the RAS pathway and are only
known to activate ERK1/2 (6).

After the discovery of the RAS/MAPK
pathway, studies with model organisms like
Drosophila melanogaster and Caenorbabditis
elegans elaborated its central role in organis-
mal development (7, 8). Subsequent experi-
ments with loss-of-function alleles and
cancer-related gain-of-function mutations,
particularly in mouse models, generally pro-
duced one of two outcomes. For some genes
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The RAS/MAPK signal transduction pathway. Schematic diagram showing the RAS/MAPK cascade and affected disease genes in the
RASopathies. The genes for which mutations are known and their associated phenotypes are indicated near the cartoon representation of
the proteins they encode. Positive regulatory interactions are indicated with black arrows, and the negative regulatory interaction is indicated
with a red blunted arrow. PD0325901 is an ATP-uncompetitive inhibitor of MEK (discussed in the text) and is also indicated with a blunted red
arrow. CFCS, CFC syndrome; CS, Costello syndrome; NF1, neurofibromatosis type 1; NFLS, neurofibromatosis type 1-like syndrome (also
termed Legius syndrome); NFNS, neurofibromatosis-NS; NS/LAH, Noonan-like syndrome with loose anagen hair; RTK, receptor tyrosine

kinase; WS, Watson syndrome.

belonging to redundant families, knockout
mice were without phenotype. The remain-
der of the loss-of-function alleles and the
cancer-related gain-of-function ones were
embryonic or early neonatal lethal. Thus,
the opportunity for RAS/MAPK mutations
in inherited human developmental disor-
ders was not apparent.

Noonan syndrome

In 1968, Jacqueline Noonan, a pediat-
ric cardiologist, defined the syndrome
that now bears her name (9). She initially
observed a phenotype among children with
pulmonary valve stenosis and noted other
seminal features, including short stature,
facial dysmorphia, and developmental
delays. Subsequently, it became clear that
other congenital heart defects are associ-
ated with Noonan syndrome (NS) and that
20% of NS patients develop hypertrophic
cardiomyopathy (HCM). Several disorders
with overlapping features were described
subsequently — Costello syndrome, car-
diofaciocutaneous (CFC) syndrome, and
LEOPARD syndrome (LS). Phenotypic

The Journal of Clinical Investigation

overlaps often made diagnosis challenging,
and there were animated discussions about
whether these were really separate traits.
In 2001, we ourselves identified protein
tyrosine phosphatase, non-receptor type 11
(PTPN11) missense mutations as underly-
ing NS, accounting for nearly 50% of cases
(10). PTPN11 encodes SHP2, which is a
non-receptor protein tyrosine phosphatase
that primarily has positive regulatory roles
in signal transduction, particularly for
RAS signaling. NS-associated PTPNI11
mutations have gain-of-function effects,
primarily impairing SHP2’s activation/
inactivation molecular switch, resulting
in increased ERK1/2 activation. We later
showed that different PTPN11 missense
mutations with generally greater gain-of-
function effects occur as somatic defects
underlying childhood leukemias, particu-
larly juvenile myelomonocytic leukemia
(11, 12). The molecular and phenotypic
specificity of these inherited and somatic
mutations revealed the importance of RAS
signaling levels, with respect to disease
pathogenesis and organismal survival.
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Several groups pursued the idea that the
NS-related disorders were allelic. While no
PTPN11 mutation was observed in Costel-
lo or CEC syndrome, nearly all individuals
with LS were found to harbor PTPN11 mis-
sense defects that are distinct from those
observed in NS (13, 14). Of interest, the
LS-associated lesions reduce SHP2’s cata-
lytic activity (12, 15).

Yoko Aoki, Yoichi Matsubara, and their
colleagues pursued the hypothesis that
Costello syndrome also result from per-
turbed RAS/MAPK signaling (16). They
showed that gain-of-function HRAS muta-
tions, most altering Gly'?, cause this disor-
der. With perturbations of RAS signaling
established as central to NS and related
disorders, extensive candidate gene stud-
ies were undertaken to identify additional
culprit mutations. In the past five years,
these efforts have been fruitful, with the
discovery of mutations in KRAS, NRAS,
SOSI1, RAF1, BRAF, MEK1, MEK2, SHOC2,
and CBL among individuals with NS and
related phenotypes (Figure 1 and ref. 17).
Aside from enabling genetic testing for
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these RASopathies, genotype/phenotype
associations have been established for
many. For instance, SOSI mutations, which
only cause NS, are generally associated
with normal or near-normal neurocogni-
tive development and stature but marked
ectodermal abnormalities, while RAF1
mutations, which cause NS and LS, are
strongly associated with HCM. Collectively,
these observations raise important biologi-
cal and clinical questions. Why are certain
organs affected in particular RASopathies,
while others are spared? What is the basis
of the specificity between altered gene, or
even specific mutation, and the phenotype?
Can interventions similar to RAS pathway
inhibition in the setting of cancer amelio-
rate features of these disorders?

New models to gain insight
Investigators have been studying disease
pathogenesis for the RASopathies using
cell and animal models. The two articles
in this issue of the JCI (18, 19), modeling
an NS-associated RAFI mutation and an
LS-associated PTPN11 mutation in mice,
substantially advance our understand-
ing of those disorders, providing insights
into the therapeutic opportunities but also
glimpses of the magnitude of the challeng-
es for developing such therapies.

Wu and colleagues generated a condition-
al murine Raf1"13V allele through homolo-
gous recombination, which requires Cre-
mediated excision for activation of the
mutation, and then studied mice in which
the activated mutation was inherited
through the germline, modeling the human
condition (18). The RafI*3 mouse faith-
fully recapitulated NS caused by this muta-
tion, with postnatal growth retardation,
craniofacial abnormalities, hematopoi-
etic perturbation in the myeloid lines, and
HCM. The authors focused on the HCM,
showing that it results from cardiomyocyte
hypertrophy, not hyperplasia, and is accom-
panied by increased cardiac contractility,
similar to human HCM. Molecular char-
acterization of this murine HCM showed
a change in myosin heavy chain isoform
expression, with an increased $-Mhc/a-Mhc
ratio, which is typical for HCM. Assessment
of Ras/Mapk signaling in vitro and in vivo
revealed increased activation of Mek1/2 and
Erk1/2 in hearts from mice heterozygous
for the Raf1'¢13 allele. Of note, activation of
other Mapks, p38 and Jnk, was not altered.
These findings suggested that blockade of
Ras/Mapk signaling could be efficacious
in this mouse model. Postnatal treatment
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with the aforementioned MEK inhibitor,
PD0325901, blocked emergence of HCM
as well as reversed it, depending upon when
therapy was initiated. Moreover, treatment
normalized linear growth and craniofacial
development.

Marin and colleagues generated a con-
ditional Ptpn11¥?7°C allele in mice through
homologous recombination, modeling
one of the two most common mutations
causing LS (19). When the Cre-activated
allele was inherited through the germline,
the resulting mice had a RASopathy phe-
notype, with postnatal growth retardation,
craniofacial and sternal abnormalities, and
HCM. While melanocytes in humans are
dispersed among the epidermal keratino-
cytes, murine melanocytes reside deep in
hair follicles and dermis. As a consequence,
mice cannot develop lentigines, eliminat-
ing the possibility of the Ptpn11¥?77%* mice
exhibiting the hallmark feature of LS. This
group also focused on HCM, showing myo-
fiber disarray, increased fibrosis, increased
cardiomyocyte width with normal length,
and reexpression of the fetal cardiac gene
program. Assessment of Ras/Mapk signal-
ing revealed attenuated responses to stim-
ulatory ligands such as Egf-1 and Ang II.
A survey of relevant signaling pathways
revealed activation of the Akt/mTor path-
way as well as of Fak, Jnk1/2, and Stat3. To
develop insights into the primary cause of
the cardiac hypertrophy, the authors treated
isolated cardiomyocytes from Ptpnl1¥279¢/
mice with rapamycin, an mTor complex 1
(mTor1C) inhibitor, as well as with inhibi-
tors of Jnk and Stat. They showed that
rapamycin treatment rapidly normalized
cardiomyocyte size in vitro, while the other
inhibitors did not. Postnatal treatment of
the Ptpn11¥27°%/* mice with rapamycin daily
for four weeks and then weekly for four
weeks prevented the emergence of HCM or
reversed it, depending on the age at which
the drug was started.

RAS in myocardial biology

The results of these two studies raise
intriguing issues about myocardial biol-
ogy. The role of signaling through ERK1/2
in inducing hypertrophy has been a subject
of considerable debate. Physiologic cardiac
hypertrophy, which results from exercise,
does not result in reactivation of the fetal
gene program or increased fibrosis and
is primarily attributed to signaling from
IGF-1 through PI3 kinase to AKT (20, 21).
Pathologic hypertrophy is usually charac-
terized as concentric or eccentric, the for-
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mer associated with pressure overload and
the latter associated with volume overload.
Increased signaling through ERK1/2 is
associated with concentric hypertrophy,
while ERKS activation is more relevant
for eccentric hypertrophy. The HCM find-
ings in the RafI*/'613V mouse are compat-
ible with this paradigm. Of interest, mice
overexpressing activated Mek1 specifically
in cardiomyocytes display HCM without
increased cardiac fibrosis (22). Moreover,
there is an emerging understanding that
interactions between activated cardiac
fibroblasts and cardiomyocytes contribute
to the development of HCM. As noted by
Wu and colleagues (18), a logical next set
of experiments is to conditionally induce
the Raf1t%13V allele only in cardiomyocytes
or cardiac fibroblasts and then examine
the effects on disease pathogenesis. If mice
expressing that mutation only in cardio-
myocytes develop HCM, it would be useful
to eliminate Erk1/2 genetically (23). If this
genetic manipulation prevented HCM, this
would provide even stronger evidence that
signaling through Erk1/2 is necessary; a
possible objection to the results obtained
with MEK inhibitor is that the drug could
have as-yet-unknown off-target effects.
The results concerning HCM from the
Ptpn11Y27°%* mouse are more difficult to
align with the existing literature on the role
of Erk1/2 in cardiac hypertrophy. Based on
the work of Jeffery Molkentin’s group, elim-
ination of Erk1/2 in murine cardiomyocytes
results in a dilated cardiomyopathy with
eccentric hypertrophy (23). Cardiomyocytes
from these mice are elongated with normal
width. Stimulation of hearts lacking Erk1/2
with pressure overload results in a normal
hypertrophic response grossly but with
cardiomyocytes that display even greater
increased length. In the Ptpnl17?7%* mice,
there was diminished signaling through
Erk1/2, but HCM developed, with cardio-
myocytes that were widened but not length-
ened (19). Eliminating Erk1/2 genetically
in the Ptpn11¥279¢/* cardiomyocytes would
address the question of whether residual
activation of Erk1/2 is necessary to drive
the hypertrophic response with cell widen-
ing. If Erk1/2 is not necessary, then studies
could focus on understanding how aber-
rant Y279C Shp2 function shifts signaling
to mTORIC, which cells with only normal
Shp2 are apparently unable to achieve.

A potential therapy?
The therapeutic implications of these

two JCI studies are also interesting. On
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the one hand, it is enormously exciting
to learn that HCM in two RASopathies
can be prevented or even reversed with
small-molecule therapy. On the other,
there are substantive issues concerning
risks and benefits to consider. While there
is a rare virulent form of HCM that pro-
gresses rapidly in infants with RASopa-
thies, resulting in early death or need for
heart transplantation, most RASopathy-
associated HCM is associated with low
mortality. As such, the risks associated
with a novel therapy would need to be
low, particularly as the treatment would
be needed for many years. The same risk-
benefit analysis would apply for other
aspects of the RASopathies, such as devel-
opmental delays. This strategy contrasts
with anti-RAS signaling efforts for can-
cers, diseases that are rapidly lethal and
for which successful treatment can have
a short duration. One approach to this
problem is suggested by Marin et al., who
suggest intense short-term therapy, fol-
lowed by minimal maintenance dosing
(19). Alternatively, it may be necessary
to search for small molecules that have
more modest effects on signaling, ones
that would have failed screens for cancer
drugs. Current efforts to use HMG-CoA
reductase inhibitors (statins) to amelio-
rate neurocognitive delays associated with
neurofibromatosis type I, in which there
is increased RAS/MAPK signaling, are an
example; this approach was successful in
preclinical work with Nf1 mice (24) and is
now in phase II clinical trials (25).

These two JCI papers also raise a cau-
tionary note. While it has been gratifying
to find numerous genetic causes along the
RAS/MAPK pathway underlying pheno-
typically related disorders, the realization
that HCM caused by two of those mutant
alleles will likely require distinct therapeu-
tic approaches is sobering. This provides
further impetus to proceed with efforts to
identify the other disease genes underly-
ing these disorders and generate animal
models as well as human cell models, such
as was recently achieved with LS induced
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pluripotent stem cell-derived cardiomyo-
cytes (26). Ultimately, the combination of
a thorough understanding of pathogen-
esis and the identification of appropriate
small molecules will enable us to engage
affected individuals and their families to
initiate clinical trials.
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