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Abstract. Activating and inactivating mutations of
SHP-2 are responsible, respectively, for the Noonan
(NS) and the LEOPARD (LS) syndromes. Clinically,
these developmental disorders overlap greatly, result-
ing in the apparent paradox of similar diseases caused
by mutations that oppositely influence SHP-2 phos-
phatase activity. While the mechanisms remain un-
clear, recent functional analysis of SHP-2, along with
the identification of other genes involved in NS and in
other related syndromes (neurofibromatosis-1, Cost-
ello and cardio-facio-cutaneous syndromes), strongly

suggest that RassMAPK represents the major signal-
ing pathway deregulated by SHP-2 mutants. We
discuss the idea that, with the exception of LS
mutations that have been shown to exert a dominant
negative effect, all disease-causing mutations involved
in Rass/MAPK-mediated signaling, including SHP-2,
might lead to enhanced MAPK activation. This
suggests that a narrow range of MAPK signaling is
required for appropriate development. We also dis-
cuss the possibility that LS mutations may not simply
exhibit dominant negative activity.
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Visions

SHP-2 is a ubiquitous protein tyrosine phosphatase
(PTP) that plays a major role in the biological
activities of numerous growth factors, cytokines, and
hormones acting through receptors that mobilize
protein tyrosine kinases. Most notably, it is one of
the few PTPs that seems to favor promotion rather
than downregulation of tyrosine kinase-dependent
signaling, in contrast to its close relative SHP-1, an
important component of immunomodulation. Sup-
porting this view, disruption of PTPNI1I, the gene
encoding SHP-2, results in early embryonic lethality in
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mice and generates profound developmental defects
in lower organisms. This mimics the loss of essential
receptor tyrosine kinases (RTKs) [see refs. 1, 2 for
reviews]. More recently, experiments using tissue-
specific PTPN11 knockout mice have demonstrated
critical functions for SHP-2 during liver regeneration,
mammary gland development and central control of
metabolism [3-5]. It is now well established that an
essential component of the biological function of
SHP-2 is mediated by its capacity to enhance the
activation of the so-called Ras/mitogen-activated
protein kinase (MAPK) signaling cascade. This path-
way controls cell proliferation, differentiation and
survival in response to various growth factors, hor-
mones and cytokines [1, 2].
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Recently, germline missense mutations in the PTPN11
gene have been found in ~50% of patients affected by
the Noonan syndrome (NS; MIM#163950) and also in
>80% of cases with the LEOPARD (multiple Lenti-
gines, Electrocardiographic conduction abnormali-
ties, Ocular hypertelorism, Pulmonary stenosis, Ab-
normal genitalia, Retardation of growth, sensorineu-
ral Deafness) syndrome (LS; MIM#151100). These
mutations are regarded as the causative agents
responsible for these diseases [see ref. 6 for latest
review]. NS is a relatively frequent (estimated =1/
2000 births) autosomal dominant disorder that is
primarily characterized by facial dysmorphia, heart
defects, short stature and increased risk of leukemia.
LS is a more rare autosomal dominant syndrome
associating the same symptoms with more specific
clinical manifestations: multiple lentigines (scattered
lentil-shaped pigmentation) are typically present and
‘café au lait’ spot can be observed along with
sensorineural deafness, which is specifically to LS.
When considering congenital heart defects among
patients with PTPN11 mutations, pulmonary stenosis
is most common in NS, while hypertrophic cardiomy-
opathy prevailsin LS patients [7]. In LS asin NS, there
is substantial heterogeneity of the occurrence of the
various symptoms between patients and a distinction
between NS and LS may be difficult in certain cases,
especially in childhood [8]. In addition to germline
mutations, somatic missense PTPN11 mutations are
also responsible for juvenile myelomonocytic leuke-
mia (JMML) and for other forms of leukemia, albeit
to a lesser extent, as well as for particular solid tumors
[2,9,10].

To understand how PTPN11 mutations instigate these
diseases, it is necessary to investigate the function of
SHP-2 at the molecular level. In brief, the structure of
SHP-2 consists of two Src-homology 2 (SH2) domains
and a single PTP domain (Fig. 1). SHP-2 displays a low
basal catalytic activity due to close interactions
between the N-terminal SH2 (N-SH2) and the PTP
domains. These interactions function to keep the
phosphatase in an autoinhibited, closed conformation.
Its catalytic activation requires ‘opening’ the molecule
which involves suspension of these interactions. This
occurs when the SH2 domains of the molecule bind to
specific phosphotyrosine motifs found on SHP-2
‘activators,” components that represent upstream
signaling partners. One of these activators is the
multiadapter protein Gabl, which is rapidly tyrosine
phosphorylated in response to stimulation of epider-
mal growth factor (EGF) or cytokine receptors. Once
activated, SHP-2 plays a crucial role in enhancing the
activation of RassMAPK, this latter pathway being
initiated following recruitment of the Ras activation
complex Grb2/Sos to activated receptors. This occurs
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simultaneously with the Gabl/SHP-2 pathway. Sev-
eral mechanisms have been proposed to illustrate how
SHP-2 facilitates Rass/MAPK activation, including
dephosphorylation of binding sites on receptors for
RasGAP (a Ras-inactivating protein), dephosphory-
lation and inactivation of the Grb2/Sos inhibitor
Sprouty, and activation of Src family kinases resulting
in sustained Ras activation on endomembranes [1, 11,
12]. However, as these mechanisms await further
validation, this question remains a matter of debate. In
our laboratory, we described a novel mechanism
whereby SHP-2 regulates the docking of the Ras
inhibitor RasGAP on Gabl [13]. Recently, a study
investigating the hepatic function of Gab1 and SHP-2
using liver-specific knockout mice offered, among
other possibilities, significant support in favor of this
model [4].

In NS, >40 mutations of SHP-2 have been reported to
date, affecting ~30 different residues located in or
close to the N-SH2 and PTP interaction domains.
These mutations are thought to disrupt the auto-
inhibitory closed SHP-2 conformation, resulting in an
increased PTP activity of most NS-associated SHP-2
mutants observed in vitro [14, 15]. Thus, NS patho-
genesis is due without doubt to activating, gain-of-
function, mutations of SHP-2, which explains why NS
is a dominant disorder. Similarly, PTPNI1I mutations
involved in JMML are the most stimulatory for SHP-2
catalytic activity among all disease-causing PTPNI1
mutations [2, 14]. Since wild-type (WT) SHP-2
promotes MAPK activation, it is not surprising to
observe that NS- or leukemia-associated SHP-2
mutations have a general tendency to sustain MAPK
activation in transfected cells or in animal models [15-
22]. However, additional studies are still necessary to
explore the deregulation of cell signaling induced by
these mutations, since the mechanisms involved
remain obscure. While it seems plausible that the
mutations involved in ‘opening’ the molecule, as
described above, facilitate SHP-2 docking with its
upstream scaffolding partners such as Gabl or Gab2,
further clarification is required to explain exactly how
Ras/MAPK activation is increased [15, 16, 19].
Nevertheless, the notion that Rass/MAPK most likely
represents the major signaling target deregulated by
SHP-2 mutants has been reinforced by recent inves-
tigations that demonstrate that NS is also caused by
activating mutations of KRAS, a gene encoding a
protein of the Ras family, and of SOS1, whose protein
product is an important activator of Ras [23-26].
Moreover, other syndromes displaying similar symp-
toms to NS, i.e. Costello and cardio-facio-cutaneous
(CFC) syndromes, are due to mutations of H- or K-
Ras, B-Raf and MEK1 and MEK2, four critical
components of the RassMAPK pathway [27-31].
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Similarly, neurofibromatosis type I, which also clin-
ically overlaps with NS, results from an inactivating
mutation of a RasGAP protein called neurofibromin
[32-34]. However, this does not exclude the possibil-
ity that SHP-2 mutations could disrupt alternative
signaling pathways. Indeed, the PI3K/Akt or STAT
pathways have both been found to be overactivated by
leukemia-associated mutations, whereas an NS-caus-
ing mutation has been reported to disrupt the Ca*"
oscillatory control of NFAT in cardiomyocytes. In
both cases, the mechanism underpinning these mo-
lecular events is at best poorly understood, thus
meriting further investigation [18, 19, 35].

In LS, the mutations described so far affect seven
different amino acids that are all located in the PTP
domain (Fig. 1). In-depth structural analysis revealed
that these residues are concentrated within the
catalytic core of the enzyme, three residing within
the ‘signature motif’ that defines the PTP family. This
is never the case for NS-causing mutations [36—38].
This motif [(I/V)HCxAGxGR(S/T)GT] includes crit-
ical residues involved in the catalytic activity, notably
Cys459 that carries out the nucleophilic attack on the
phosphotyrosine substrate. This suggested that, unlike
NS-associated mutations that act to modify SHP-2’s
activation state, LS-associated mutations might alter
SHP-2’s catalytic properties. Biochemical evidence
pertaining to this idea, recently performed by inde-
pendent research groups, confirmed the hypothesis by
showing that LS-causing mutations induce a dramatic
decrease in SHP-2 catalytic activity in vitro [36-38].
At first, it seemed possible that LS pathogenesis could
be due to a loss of function of the product of one
PTPNI1I allele. However, genetic data argue against
this view since it was shown in two independent
‘knockout’ mice models that loss of one allele is well
tolerated and fails to produce any developmental
defect reminiscent of LS symptoms [1]. In addition,
none of the LS-causing mutations identified thus far

consist of either nonsense, frameshift or splice muta-
tions which would suppress SHP-2 expression from
the mutated allele. This therefore does not favor the
possibility that LS pathogenesis is caused by haploin-
sufficiency. Consequently, the suggestion that LS
could result from dominant negative SHP-2 mutations
emerged. In view of this concept, the group of B. Neel
offered strong support by demonstrating that LS
mutants exert a dominant negative effect on MAPK
activation in transfected cells stimulated with various
growth factors. This effect is in accordance with
similar findings observed for the well-known ‘phos-
phatase-dead” SHP-2 construct which is experimen-
tally mutated on Cys459 [36].

Reflections

These findings have raised an apparent paradox where
either activating or dominant negative mutations of
the same signaling molecule result in very similar
disorders. Classically, impaired or excessive activation
of a component of a signaling pathway results in
distinct diseases. For example, in the case of RTK, Kit
or Ret gain-of-function mutations favor cell prolifer-
ation and thereby predispose or indeed cause cancer,
whereas inhibitory mutations induce defects due to
underdevelopment of tissues or organs [39]. Never-
theless, the situation where higher-than-normal acti-
vation or inhibition of a particular signaling pathway
result in the same pathophysiological outcome is not
unique. For example, it has been recently reported
that both overexpression or suppression of the adapt-
er protein insulin receptor substrate-1 can promote
mammary tumor metastasis [40, 41].

In NS and related syndromes, the biochemical or
structural data available to date suggest that all the
disease-causing mutations of SHP-2, neurofibromin,
Ras, B-Raf, MEK1/2 and SOS1 lead to enhanced
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MAPK activation [6, 23-31, 34]. Some CFC-related
mutations of B-Raf attenuate its catalytic activity, but
one could suggest that these mutants most likely
promote MAPK activation through increased hetero-
dimerization-mediated allosteric activation of C-Raf.
Although such a mechanism remains to be demon-
strated in the case of CFC mutations, it has already
been reported for other catalytically-impaired B-Raf
mutants involved in tumor development [28, 42].
Thus, the case of LS-associated SHP-2 mutants
repressing MAPK activation could represent an
interesting exception to this rule. However, consider-
ing that the Rass/MAPK pathway can control antag-
onistic processes essential for tissue development, i.e.
cell proliferation and differentiation, the idea that
developmental diseases could be caused by distinct
mutations resulting in opposite effects on the activa-
tion of this pathway is not altogether surprising.
Indeed, studies have suggested that the appropriate
level or duration of MAPK activity is required for
eliciting a specific proliferative or differentiating
response [43]. Therefore, altering positively or neg-
atively the fine-tuned regulation of the MAPK path-
way might indeed result in similar developmental
defects. This hypothetical concept is even easier to
imagine in the case of SHP-2 which controls the
recruitment of various positive or negative regulators
of Ras activation (e.g. PI3K, RasGAP, Src), thereby
playing the role of a ‘pacemaker’ rather than a direct
activator of this pathway [11, 13, 44].

To address the concept that MAPK signaling is
required ‘at the right place and at the right time’,
Kontaridis et al. brilliantly suggested a hypothetical
explanation for the generation of cardiac valve
stenosis frequently associated with LS and NS [36].
In summary, valve development requires first prolif-
eration of specialized endothelial cells, followed by a
morphogenesis of these cells that necessitates an
arrest in proliferation. The activation of the Ras/
MAPK pathway seems to promote these two stages.
Consequently, one could envisage a scenario where
NS mutations responsible for excessive MAPK acti-
vation during the first period, or LS mutations that
block during the second phase, could result in
excessive cell proliferation and therefore in stenosis.
While attractive, this hypothesis has yet to be demon-
strated.

It may also be worthwhile considering the possibility
that LS-associated mutations might not merely exhibit
a simple dominant negative effect. Kontaridis et al.
[36] suggested that, in addition to suppressing the
catalytic activity, LS mutants are particularly active as
dominant negatives since some LS mutations also
alter the interaction between the N-SH2 and PTP
domain. Indeed, this would produce an inactive
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protein in an ‘open’ conformation, more prone for
binding to upstream activators, and thereby a more
efficient competitor for WT SHP-2 than a mutant
Cys459 counterpart that resides in a ‘closed’ confor-
mation unable to interact with the N-SH2 domain
[36]. Nevertheless, one cannot exclude the possibility
that LS mutations might result in differential dephos-
phorylation capabilities of SHP-2 depending on its
substrate rather than simply suppressing its catalytic
activity altogether. It is interesting to note that no
mutation was reported to affect residue Cys459, a
mutation that would completely suppress SHP-2
catalytic activity, whereas several LS mutations
(A461T, G464A and T468M) have been identified
within the vicinity of this residue, which represents the
core of the catalytic site (Fig. 1). This allows one to
speculate that, in vivo, a germline mutation of this
residue is probably lethal, because it would generate a
dominant negative mutant blocking all SHP-2 func-
tions (except hypothetical docking functions [45]),
probably constituting an intolerable environment for
a developing organism. Consequently, LS mutants,
despite having no activity on substrates regulating the
MAPK pathway, might retain a significant catalytic
activity oriented toward SHP-2 substrates that are not
directly involved in MAPK activation. Such mutants
would exert differential dominant negative effects on
the distinct SHP-2-dependent signaling pathways,
which could explain the substantial heterogeneity of
symptoms associated with LS. Consistent with this
idea, when assayed using a bona fide SHP-2 substrate,
i.e. a binding site of Gabl for PI3K, we revealed a
significant activity of the T468M mutant [38]. This
suggests that, although T468M cannot promote
MAPK activation, as shown by Kontaridis et al. [36],
it can still, in contrast with a mutant of Cys459, control
PI3K activation in a similar fashion to WT SHP-2. In
addition, other mechanisms can be proposed to
explain the functional consequences of SHP-2 muta-
tions, although these hypotheses are highly specula-
tive due to the still very limited number of studies
addressing this question. Nevertheless, based on the
observation that LS mutations seem to display en-
hanced association with Gab1 [36], one may propose
that mutations might have a gain-of-function effect on
the docking function of Shp2, which may participate in
Grb2 recruitment through direct binding [45]. Ob-
viously, additional studies are necessary to test these
various hypotheses.

In conclusion, the understanding of NS and LS
pathogenesis will require solving the paradox that
mutations oppositely influencing the biochemical
activity of SHP-2 result in similar syndromes. To this
aim, detailed examination of the molecular functions
of SHP-2 mutants and of their consequences for
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cellular responses is required. Reciprocally, the devel-
opment of animal and cellular disease models is
pertinent and will help provide further insights into
molecular mechanisms underlying the role of SHP-2
in cell signaling.

Acknowledgements. We thank Dr. A. Eychene for helpful dis-
cussions and critical reading of the manuscript, Pr. B. Perret for his
constant support and Dr. R.E. Barry for editing the manuscript. We
are grateful to the Association pour la Recherche sur le Cancer and
Comités Régionaux (Aude, Tarn, Tarn-et-Garonne) de la Ligue
Contre le Cancer for financially supporting the research conducted
in our laboratory.

10

11

12

Neel, B. G., Gu, H. and Pao, L. (2003) The *Shp’ing news: SH2
domain-containing tyrosine phosphatases in cell signaling.
Trends Biochem. Sci. 28, 284 —293.

Chan, R. J. and Feng, G.S. (2007) PTPN11 is the first identified
proto-oncogene that encodes a tyrosine phosphatase. Blood
109, 862 — 867.

Zhang, E. E., Chapeau, E., Hagihara, K. and Feng, G. S. (2004)
Neuronal Shp2 tyrosine phosphatase controls energy balance
and metabolism. Proc. Natl. Acad. Sci. USA. 101, 16064 —
16069.

Bard-Chapeau, E. A., Yuan, J., Droin, N., Long, S., Zhang,
E. E.,Nguyen, T. V. and Feng, G.S. (2006) Concerted functions
of Gabl and Shp2 in liver regeneration and hepatoprotection.
Mol. Cell. Biol. 26, 4664 — 4674.

Ke, Y., Lesperance, J., Zhang, E. E., Bard-Chapeau, E. A.,
Oshima, R. G.,Muller, W. J. and Feng, G. S. (2006) Conditional
deletion of Shp2 in the mammary gland leads to impaired
lobulo-alveolar outgrowth and attenuated Stat5 activation. J.
Biol. Chem. 281, 34374 — 34380.

Gelb, B. D. and Tartaglia, M. (2006) Noonan syndrome and
related disorders: dysregulated RAS-mitogen activated pro-
tein kinase signal transduction. Hum. Mol. Genet. 15 (Spec No.
2), R220 - R226.

Sarkozy, A., Conti, E., Seripa, D., Digilio, M. C., Grifone, N.,
Tandoi, C., Fazio, V. M., Di Ciommo, V., Marino, B., Pizzuti, A.
and Dallapiccola, B. (2003) Correlation between PTPN11 gene
mutations and congenital heart defects in Noonan and
LEOPARD syndromes. J. Med. Genet. 40, 704 — 708.

Digilio, M. C., Sarkozy, A., de Zorzi, A., Pacileo, G., Limon-
gelli, G., Mingarelli, R., Calabro, R., Marino, B. and Dalla-
piccola, B. (2006) LEOPARD syndrome: clinical diagnosis in
the first year of life. Am. J. Med. Genet. A 140, 740 — 746.
Tartaglia, M., Niemeyer, C. M., Fragale, A., Song, X., Buech-
ner, J., Jung, A., Hahlen, K., Hasle, H., Licht, J.D. and Gelb,
B. D. (2003) Somatic mutations in PTPN11 in juvenile myelo-
monocytic leukemia, myelodysplastic syndromes and acute
myeloid leukemia. Nat. Genet. 34, 148 — 150.

Bentires-Alj, M., Paez, J. G., David, E.S., Keilhack, H.,
Halmos, B., Naoki, K., Maris, J. M., Richardson, A., Bardelli,
A., Sugarbaker, D .J., Richards, W. G., Du, J., Girard, L.,
Minna, J. D., Loh, M. L., Fisher, D. E., Velculescu, V. E.,
Vogelstein, B., Meyerson, M., Sellers, W. R. and Neel, B. G.
(2004) Activating mutations of the noonan syndrome-associ-
ated SHP2/PTPN11 gene in human solid tumors and adult
acute myelogenous leukemia. Cancer Res. 64, 8816 — 8820.
Zhang, S. Q., Yang, W., Kontaridis, M. 1., Bivona, T. G., Wen,
G., Araki, T., Luo, J., Thompson, J. A.,Schraven, B. L., Philips,
M. R. and Neel, B. G. (2004) Shp2 regulates SRC family kinase
activity and Ras/Erk activation by controlling Csk recruitment.
Mol. Cell 13, 341 — 355.

Hanafusa, H., Torii, S., Yasunaga, T., Matsumoto, K. and
Nishida, E. (2004) Shp2, an SH2-containing protein tyrosine
phosphatase, positively regulates receptor tyrosine kinase
signaling by dephosphorylating and inactivating the inhibitor
sprouty. J. Biol. Chem. 279, 22992 — 22995.

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Visions & Reflections (Minireview) 1589

Montagner, A., Yart, A., Dance, M., Perret, B., Salles, J. P. and
Raynal, P. (2005) A novel role for Gabl and SHP2 in EGF-
induced Ras activation. J. Biol. Chem. 280, 5350 — 5360.
Keilhack, H., David, E. S., McGregor, M., Cantley, L. C. and
Neel, B. G. (2005) Diverse biochemical properties of Shp2
mutants: implications for disease phenotypes. J. Biol. Chem.
280, 30984 — 30993.

Fragale, A., Tartaglia, M., Wu, J. and Gelb, B. D. (2004)
Noonan syndrome-associated SHP2/PTPN11 mutants cause
EGF-dependent prolonged GAB1 binding and sustained
ERK2/MAPKI1 activation. Hum. Mutat. 23, 267 — 277.

Araki, T., Mohi, M. G., Ismat, F. A., Bronson, R. T., Williams,
I.R., Kutok, J.L., Yang, W., Pao, L.1., Gilliland, D. G.,
Epstein, J. A. and Neel, B. G. (2004) Mouse model of Noonan
syndrome reveals cell type- and gene dosage-dependent effects
of Ptpnl1 mutation. Nat. Med. 10, 849 — 857.

Krenz, M., Yutzey, K. E. and Robbins, J. (2005) Noonan
syndrome mutation Q79R in Shp2 increases proliferation of
valve primordia mesenchymal cells via extracellular signal-
regulated kinase 1/2 signaling. Circ. Res. 97, 813 — 820.

Mohi, M. G., Williams, I. R., Dearolf, C. R., Chan, G., Kutok,
J. L., Cohen, S., Morgan, K., Boulton, C., Shigematsu, H.,
Keilhack, H., Akashi, K., Gilliland, D. G. and Neel, B. G.
(2005) Prognostic, therapeutic, and mechanistic implications of
a mouse model of leukemia evoked by Shp2 (PTPNI11)
mutations. Cancer Cell 7, 179 — 191.

Yu, W. M., Daino, H., Chen, J., Bunting, K. D. and Qu, C. K.
(2006) Effects of a leukemia-associated gain-of-function mu-
tation of SHP-2 phosphatase on interleukin-3 signaling. J. Biol.
Chem. 281, 5426 — 5434.

Oishi, K., Gaengel, K., Krishnamoorthy, S., Kamiya, K., Kim,
I.K., Ying, H., Weber, U., Perkins, L. A., Tartaglia, M.,
Mlodzik, M., Pick, L. and Gelb, B.D. (2006) Transgenic
Drosophila models of Noonan syndrome causing PTPN11
gain-of-function mutations. Hum. Mol. Genet. 15, 543 — 553.
Chan, R. J., Leedy, M. B., Munugalavadla, V., Voorhorst, C. S.,
Li, Y., Yu, M. and Kapur, R. (2005) Human somatic PTPN11
mutations induce hematopoietic-cell hypersensitivity to gran-
ulocyte-macrophage colony-stimulating factor. Blood 105,
3737 -3742.

Schubbert, S., Lieuw, K., Rowe, S. L., Lee, C. M., Li, X., Loh,
M. L., Clapp, D. W. and Shannon, K. M. (2005) Functional
analysis of leukemia-associated PTPN11 mutations in primary
hematopoietic cells. Blood 106, 311 — 317.

Schubbert, S., Zenker, M., Rowe, S.L., Boll, S., Klein, C.,
Bollag, G., van der Burgt, I., Musante, L., Kalscheuer, V.,
Wehner, L. E.,Nguyen, H., West, B., Zhang, K. Y., Sistermans,
E., Rauch, A., Niemeyer, C. M., Shannon, K. and Kratz, C. P.
(2006) Germline KRAS mutations cause Noonan syndrome.
Nat. Genet. 38, 331 — 336.

Carta, C., Pantaleoni, F., Bocchinfuso, G., Stella, L., Vasta, I.,
Sarkozy, A., Digilio, C., Palleschi, A., Pizzuti, A., Grammatico,
P., Zampino, G., Dallapiccola, B., Gelb, B. D. and Tartaglia, M.
(2006) Germline missense mutations affecting KRAS isoform
B are associated with a severe Noonan syndrome phenotype.
Am. J. Hum. Genet. 79, 129 — 135.

Tartaglia, M., Pennacchio, L. A., Zhao, C., Yadav, K. K.,
Fodale, V., Sarkozy, A., Pandit, B., Oishi, K., Martinelli, S.,
Schackwitz, W., Ustaszewska, A., Martin, J., Bristow, J., Carta,
C., Lepri, F., Neri, C., Vasta, 1., Gibson, K., Curry, C.I.,
Siguero, J. P, Digilio, M. C., Zampino, G., Dallapiccola, B.,
Bar-Sagi, D. and Gelb, B. D. (2007) Gain-of-function SOS1
mutations cause a distinctive form of Noonan syndrome. Nat.
Genet. 39,75 -79.

Roberts, A. E., Araki, T., Swanson, K. D., Montgomery, K. T.,
Schiripo, T. A., Joshi, V. A., Li, L., Yassin, Y., Tamburino,
A.M., Neel, B. G. and Kucherlapati, R. S. (2007) Germline
gain-of-function mutations in SOS1 cause Noonan syndrome.
Nat. Genet. 39, 70 — 74.

Aoki, Y., Niihori, T., Kawame, H., Kurosawa, K., Ohashi, H.,
Tanaka, Y., Filocamo, M., Kato, K., Suzuki, Y., Kure, S. and
Matsubara, Y. (2005) Germline mutations in HRAS proto-



1590

28

29

30

31

32

33

34

35

T. Edouard et al.

oncogene cause Costello syndrome. Nat. Genet. 37, 1038 -
1040.

Rodriguez-Viciana, P., Tetsu, O., Tidyman, W. E., Estep, A. L.,
Conger, B. A., Cruz, M. S., McCormick, F. and Rauen, K. A.
(2006) Germline mutations in genes within the MAPK path-
way cause cardio-facio-cutaneous syndrome. Science 311,
1287 - 1290.

Niihori, T., Aoki, Y., Narumi, Y., Neri, G., Cave, H., Verloes,
A., Okamoto, N., Hennekam, R. C., Gillessen-Kaesbach, G.,
Wieczorek, D., Kavamura, M. 1., Kurosawa, K., Ohashi, H.,
Wilson, L., Heron, D., Bonneau, D., Corona, G., Kaname, T.,
Naritomi, K., Baumann, C., Matsumoto, N., Kato, K., Kure, S.
and Matsubara, Y. (2006) Germline KRAS and BRAF
mutations in cardio-facio-cutaneous syndrome. Nat. Genet.
38,294 - 296.

Estep, A. L., Tidyman, W. E., Teitell, M. A., Cotter, P. D. and
Rauen, K. A. (2006) HRAS mutations in Costello syndrome:
detection of constitutional activating mutations in codon 12
and 13 and loss of wild-type allele in malignancy. Am. J. Med.
Genet. A 140, 8 - 16.

Gripp, K. W., Lin, A. E., Stabley, D. L., Nicholson, L., Scott,
C.L, Jr., Doyle, D., Aoki, Y., Matsubara, Y., Zackai, E. H.,
Lapunzina, P., Gonzalez-Meneses, A., Holbrook, J., Agresta,
C. A., Gonzalez, I.L. and Sol-Church, K. (2006) HRAS
mutation analysis in Costello syndrome: genotype and pheno-
type correlation. Am. J. Med. Genet. A 140,1-7.

De Luca, A., Bottillo, 1., Sarkozy, A., Carta, C., Neri, C.,
Bellacchio, E., Schirinzi, A., Conti, E., Zampino, G., Battaglia,
A.,Majore, S., Rinaldi, M. M., Carella, M., Marino, B., Pizzuti,
A., Digilio, M. C., Tartaglia, M. and Dallapiccola, B. (2005)
NF1 gene mutations represent the major molecular event
underlying neurofibromatosis-Noonan syndrome. Am. J. Hum.
Genet. 77,1092 - 1101.

Huffmeier, U., Zenker, M., Hoyer, J., Fahsold, R. and Rauch,
A. (2006) A variable combination of features of Noonan
syndrome and neurofibromatosis type I are caused by muta-
tions in the NF1 gene. Am. J. Med. Genet. 140A, 2749 — 2756.
Cichowski, K. and Jacks, T. (2001) NF1 tumor suppressor gene
function: narrowing the GAP. Cell 104, 593 — 604.

Uhlen, P., Burch, P. M., Zito, C. 1., Estrada, M., Ehrlich, B. E.
and Bennett, A.M. (2006) Gain-of-function/Noonan syn-
drome SHP-2/Ptpnll mutants enhance calcium oscillations
and impair NFAT signaling. Proc. Natl. Acad. Sci. USA. 103,
2160 - 2165.

36

37

38

39

40

41

42

43

44

45

Shp2 mutations in Noonan/LEOPARD syndromes

Kontaridis, M. 1., Swanson, K. D., David, F. S., Barford, D. and
Neel, B. G. (2006) PTPN11 (SHP2) mutations in LEOPARD
syndrome have dominant negative, not activating, effects. J.
Biol. Chem. 281, 6785 — 6792.

Tartaglia, M., Martinelli, S., Stella, L., Bocchinfuso, G., Flex,
E., Cordeddu, V., Zampino, G., Burgt, 1., Palleschi, A.,
Petrucci, T. C., Sorcini, M., Schoch, C., Foa, R., Emanuel,
P.D. and Gelb, B. D. (2006) Diversity and functional con-
sequences of germline and somatic PTPN11 mutations in
human disease. Am. J. Hum. Genet. 78, 279 — 290.

Hanna, N., Montagner, A., Lee, W. H., Miteva, M., Vidal, M.,
Vidaud, M., Parfait, B. and Raynal, P. (2006) Reduced
phosphatase activity of SHP-2 in LEOPARD syndrome:
consequences for PI3K binding on Gabl. FEBS Lett. 580,
2477 - 2482.

Robertson, S. C., Tynan, J. and Donoghue, D. J. (2000) RTK
mutations and human syndromes: when good receptors turn
bad. Trends Genet. 16, 368.

Ma,Z.,Gibson, S. L., Byrne, M. A., Zhang, J., White, M. F.and
Shaw, L. M. (2006) Suppression of insulin receptor substrate 1
(IRS-1) promotes mammary tumor metastasis. Mol. Cell. Biol.
26, 9338 — 9351.

Dearth, R. K., Cui, X.,Kim, H. J., Kuiatse, I., Lawrence, N. A.,
Zhang, X., Divisova, J., Britton, O. L., Mohsin, S., Allred,
D. C., Hadsell, D. L. and Lee, A. V. (2006) Mammary tumori-
genesis and metastasis caused by overexpression of insulin
receptor substrate 1 (IRS-1) or IRS-2. Mol. Cell. Biol. 26,
9302 - 9314.

Garnett, M. J., Rana, S., Paterson, H., Barford, D. and Marais,
R. (2005) Wild-type and mutant B-RAF activate C-RAF
through distinct mechanisms involving heterodimerization.
Mol. Cell 20, 963 — 969.

Murphy, L. O. and Blenis, J. (2006) MAPK signal specificity:
the right place at the right time. Trends Biochem. Sci. 31, 268 —
275.

Zhang, S. Q., Tsiaras, W. G., Araki, T., Wen, G., Minichiello,
L., Klein, R. and Neel, B. G. (2002) Receptor-specific regu-
lation of phosphatidylinositol 3’-kinase activation by the
protein tyrosine phosphatase Shp2. Mol. Cell. Biol. 22,
4062 - 4072.

Araki, T., Nawa, H. and Neel, B. G. (2003) Tyrosyl phosphor-
ylation of Shp2 is required for normal ERK activation in
response to some, but not all, growth factors. J. Biol. Chem. 278,
41677 — 41684.

To access this journal online:
http://www.birkhauser.ch/CMLS



http://www.birkhauser.ch/CMLS

