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Abstract

Cardio-facio-cutaneous (CFC) syndrome is one of the RASopathies and is caused by alteration of
activity through the Ras/mitogen-activated protein kinase (MAPK) pathway due to heterozygous
de novo mutations in protein kinases BRAF, MEK1 or MEK2. CFC is a rare multiple congenital
anomaly disorder in which individuals have characteristic dysmorphic features, cardiac defects,
ectodermal anomalies and developmental delay. We report a 7 % month-old boy with a clinical
diagnosis of CFC. Bidirectional sequence analysis of MEK2 revealed a novel ¢.383C—A
transition in exon 3 resulting in a nonsynonymous missense substitution, p.P128Q. Other family
members, including the proband’s mother and half-sibling, displayed phenotypic features of CFC
and were also screened for the MEK2 mutation identified in the proband. SIFT (Sorting Intolerant
From Tolerant) analysis determined the novel MEK2 p.P128Q to be deleterious. To corroborate
the functional alteration of the novel mutant protein, transient transfection of 293T cells with
subsequent Western analysis was used to demonstrate increased kinase activity, as measured by
ERK phosphorylation. This first reported case of a vertically transmitted functional CFC MEK
mutation further expands our understanding of germline mutations within the Ras/MAPK
pathway.
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INTRODUCTION

Cardio-facio-cutaneous (CFC) syndrome is a multiple congenital anomaly disorder in which
individuals have characteristic craniofacial features, cardiac defects, ectodermal anomalies,
gastrointestinal dysfunction and neurocognitive delay. CFC is one of the RASopathies,
which are a class of human genetic syndromes caused by germline mutations in genes that
encode components of the Ras/mitogen-activated protein kinase (MAPK) pathway
[Tidyman and Rauen 2009]. Currently, four known genes that encode proteins of the Ras/
MAPK pathway have been associated with CFC syndrome: BRAF [Niihori et al. 2006;
Rodriguez-Viciana et al. 2006], MEK1 and MEK2 [Rodriguez-Viciana et al, 2006], and
KRAS[Niihori et al, 2006]. Other syndromes associated with the pathway are Noonan
syndrome, LEOPARD syndrome, gingival fibromatosis 1, capillary malformation-AV
malformation syndrome, neurofibromatosis 1 (NF1), Costello syndrome (CS), autoimmune
lymphoproliferative syndrome and Legius (NF1-like) syndrome. These RASopathies have
many overlapping phenotypic features and are known to be autosomal dominant; stable
vertical transmission is known to occur in all of the syndromes except CS and CFC.

In this study, we report a 7 %2 month-old baby boy with a clinical diagnosis of CFC who was
found to have a novel p.P128Q MEK2 mutation. Several family members were observed to
have phenotypic features consistent with CFC syndrome. Molecular analysis of nine
members of this four-generation family revealed the novel MEK2 missense mutation
segregating in those family members who had phenotypic features consistent with CFC.
This is the first identified vertically transmitted functional CFC MEK mutation reported.
This case expands our understanding of germline mutations and their transmission within
the Ras/MAPK pathway.

MATERIALS AND METHODS

Family Report

The proband is a Caucasian-Cajun male who was initially evaluated at age 7% months for
short stature and a congenital heart defect. The proband was born to a healthy 27-year-old
father and to a 26-year-old mother who reported no consanguinity. The prenatal history was
significant for fetal exposures to a half-pack of cigarettes per day. The mother reported that
fetal movements were normal, but at 34 weeks, she experienced premature uterine
contractions. The proband was delivered by repeat Caesarean section at 36 weeks due to
failure to progress. No other complications were noted at delivery, although polyhydramnios
was reported. Birth weight was 2910 g. Apgar scores were unknown. The proband was
noted to have a cardiac murmur at one month of age and an echocardiogram revealed mild
pulmonic stenosis that did not require surgical correction. Also at one month of age, the
proband was diagnosed with pyloric stenosis that did require surgical intervention.

When we saw the proband in our clinic, physical examination revealed a dysmorphic 7 %2
month boy with a height of 68 cm (25! centile), weight of 9.5 kg (75! centile) and a head
circumference of 45.8 cm (75t centile). His motor milestones were mildly delayed, as
indicated by needing minor assistance with sitting. Neurologically, he had good muscle
strength and tone, was attentive, alert and able to track objects. His craniofacial features
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were similar to those of his mother (Table I, Fig. 1A). He had a high forehead with
bitemporal narrowing, telecanthus, and a hyperteloric appearance. Ectodermal anomalies
were also similar to his mother’s and consisted of sparse, curly hair with sparse eyebrows
and eyelashes.

Family history was significant for his mother and older male half-sibling having pulmonic
stenosis that did not require surgical correction (Table I). In addition, several family
members spanning four generations were also reported to have facial features and
ectodermal abnormalities similar to the proband. These same family members also had
learning delays requiring special education (Fig. 1; Fig. 2; Table I).

When we evaluated the proband again at 3 years and 4 months, his height, weight and head
circumference fell within the normal range and he had no growth delays. However, since the
initial evaluation, the mother had become pregnant with the same partner. After a reported
normal pregnancy with good fetal movements, good prenatal care and no polyhydramnios,
the mother delivered a term male child weighing 3120 g who had a head circumference of
34 cm. At birth, a murmur was noted and the child was subsequently diagnosed with
pulmonic stenosis. On physical examination at 8 %2 months, he had craniofacial features that
were consistent with those of his mother, the proband and his maternal half-brother (Fig.
1A; Table I).

Bidirectional Sequencing and Analysis

Blood samples from nine family members were obtained after we received approval from
the institution review boards from the Louisiana State University Health Sciences Center
and Children’s Hospital, and the University of California San Francisco. Genomic DNA was
isolated from peripheral blood lymphocytes using the QlAamp DNA Blood Midi kit
(Qiagen, Valencia, CA) according to the manufacturer’s instructions.

PCR primers were designed to amplify specific coding exons and intronic flanking regions
of BRAF (NM_004333.2), SOSL (NM_005633.3), KRAS (NM_004985.3), PTPN11
(NM_002834), MEK1 (NM_002755.2) and MEK2 (NM_030662.2). For sequencing, the
PCR primers were modified on the 5’ end to include M13 forward
(GTAAAACGACGGCCAGT) and reverse (CAGGAAACAGCTATGACC) sequences.
PCR and sequencing were performed by GeneDx (Gaithersburg, MD). Because the proband
was considered to have either Noonan syndrome due to possible familiar transmission or
CFC syndrome based on his phenotypic features, the genes were sequenced in the following
order: PTPN11, SOS1, KRASand BRAF. Subsequently, MEK1 and MEK2 were sequenced.

Bidirectional sequencing was conducted with ABI BigDye v3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA) according to manufacturer’s guidelines and run on
an ABI3730xI capillary sequencing instrument (Applied Biosystems, Foster City, CA).
Sequencing data was analyzed using two sequence analysis programs, PolyPhred Software
v5.02 (University of Washington, Seattle, WA) and SeqScape® Software (Applied
Biosystems, Foster City, CA). Further evaluation of the detected nucleotide mutation
consisted of Sorting Intolerant From Tolerant (SIFT; blocks.fhcrc.org/sift/SIFT.html) and
screening against known databases: NCBI, Cosmic, UniProtKB/Swiss-Prot and JSNP
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(Www.ncbi.nlm.nih.gov/SNP, www.sanger.ac.uk/genetics/CGP/cosmic/,ca.expasy.org/
sprot/, snp.ims.u-tokyo.ac.jp/). Control samples included 50 normal controls (100 alleles)
and 60 CFC individuals (120 alleles).

Human MEK2 cDNA (Origene, Rockville, MD) was cloned into a pcDNAS3 vector with a
Myc-tag at the N-terminus. The MEK2 ¢.383C—A transition was introduced using Quick-
Change Site-Directed Mutagenesis (Stratagene, La Jolla, CA) and verified by direct
sequencing.

Transient Transfections and Western Blot Analysis

RESULTS

Human embryonic kidney (HEK) 293T cells were seeded the day before transfection in six-
well dishes. The cells were transfected, in triplicate, with 2 g total plasmid DNA and 5 pl
of Lipofectamine 2000 (Life Technologies, Carlsbad, CA) according to manufacturer’s
instructions. In addition, HEK 293T cells were transiently transfected with empty vector,
wild-type MEK?2, the kinase inactive MEK2 p.K101M negative control, constitutively active
MEK?2 mutant S222D/S226D, MEK2 p.F57C (a positive CFC control mutant which has
known high activity level [Rodriguez-Viciana et al, 2006] and the MEK2 p.P128Q mutant.
Cells were serum-starved (0.5% fetal bovine serum), and 24 hours later, lysed in buffer
containing Protease and Phosphatase Inhibitor cocktails (Sigma, St. Louis, MO). Expression
levels of MEK2-myc, total ERK and phosphorylated-ERK (p-ERK) were analyzed by
Western blot. Myc (A-14) and p-ERK (E-4) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA), and p44/42 MAP Kinase antibody (total ERK, #9102) was purchased
from Cell Signaling Technology (Danvers, MA).

MEK?2 Mutation

Bidirectional sequence analysis of the proband’s DNA revealed a novel MEK2 ¢.383C—A
transition in exon 3, resulting in a nonsynonymous missense substitution, p.P128Q (Fig. 3).
No other mutations resulting in a nonsynonymous amino acid substitution were identified in
BRAF, SOS1, KRAS, PTPN11 or MEK1. Sequence analysis of the mother’s and father’s
DNA and that of a half-sibling revealed that his mother and his half-sibling carried the same
heterozygous MEK2 mutation. Subsequent sequencing of DNA from family members
spanning four generations revealed that the MEK2 mutation segregated in family members
who had phenotypic features consistent with CFC syndrome (Fig. 1; Fig. 2; Table I). Family
members with normal phenotypic features did not have the MEK2 missense mutation (Table

).

Functional Characterization of the MEK2 Mutant Protein

SIFT was used to characterize the functional significance of the nonsynonymous amino acid
substitution and predicted that the MEK2 p.P128Q would be a deleterious substitution
causing an alteration of protein function. To corroborate the functional alteration of the
novel MEK2 p.P128Q mutant, HEK 293T cells were transiently transfected with appropriate
controls plasmids and MEK2 mutant plasmid. We found that the p.P128Q MEK2 mutant had
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increased ERK phosphorylation compared to the level induced by empty vector, wild-type
MEK?2 and the negative kinase inactive control. The level of ERK phosphorylation induced
by p.P128Q MEK?2 was less than that of the CFC MEK2 p.F57C mutant protein and much
less than that of the constitutively active S222D/S226D MEK?2 control, both of which are
known to have increased activity over wild-type [Rodriguez-Viciana et al, 2006]. This result
indicates that the p.P128Q MEK2 CFC mutant protein is a weak hypermorph.

DISCUSSION

CFC syndrome is a RASopathy and is caused by alteration of signaling through the Ras/
MAPK pathway [Tidyman and Rauen 2009]. Although CFC syndrome has a distinct
phenotype, it shares many overlapping features with other RASopathies especially Noonan
syndrome (NS) and Costello syndrome (CS). Craniofacial findings in CFC syndrome may
include macrocephaly, broad forehead, bitemporal narrowing, hypoplasia of the supraorbital
ridges, down-slanting palpebral fissures with ptosis, short nose with depressed nasal bridge
and anteverted nares, low-set, posteriorly rotated ears with prominent helices and a high-
arched palate. Ectodermal findings typically consist of sparse, curly hair with sparse
eyebrows and eyelashes, keratosis pilaris, hemangioma and nevi. Cardiac anomalies vary
with the most prevalent being pulmonic stenosis, atrial septal defects and hypertrophic
cardiomyopathy. Neurologic abnormalities are universally present to varying degrees and
include hypotonia, motor delay, speech delay and/or learning disability. Four genes that
encode proteins in the RassrMAPK pathway have been associated with CFC syndrome:
BRAF [Niihori et al, 2006; Rodriguez-Viciana et al, 2006], MEK1 and MEK2 [Rodriguez-
Viciana et al, 2006], and KRAS [Niihori et al, 2006]. Although there is some phenotypic
variability among family members who harbor the p.P128Q MEK2 mutation, their features
are consistent with the diagnosis of CFC syndrome and the MEK2 mutation segregates with
those family members who have features of CFC syndrome (Table I).

To date, CFC has been considered sporadic with no mutation-positive cases known to be
vertically transmitted. However, many of the RASopathies exhibit autosomal dominant
inheritance although de novo mutations certainly do occur. The best studied is NF1 because
it is one of the most common dominantly inherited genetic disorder occurring with an
incidence of about 1 in 3000 individuals. Approximately half of the affected individuals will
have a de novo mutation in the NF1 gene [for review see [Williams et al. 2009]]. This is
similar to NS which is caused by mutations in multiple genes encoding components of the
Ras/MAPK pathway [Cordeddu et al. 2009; Pandit et al. 2007; Razzaque et al. 2007;
Roberts et al. 2007; Schubbert et al. 2006; Tartaglia et al. 2001; Tartaglia et al. 2007].
Although many of the cases of NS are sporadic, vertical transmission of PTPN11, SOSL and
RAF1 are common. This is also true for LEOPARD syndrome with autosomal dominant
inheritance of mutations in PTPN11 [Digilio et al. 2002; Legius et al. 2002] or RAF1
[Pandit et al, 2007]. Other RASopathies with autosomal dominant inheritance include
capillary malformation- arteriovenous malformation syndrome due to mutations in the gene
RASAL [Eerola et al. 2003; Revencu et al. 2008]; Legius syndrome caused by heterozygous
mutations in SPRED1 [Brems et al. 2007] and hereditary gingival fibromatosis type 1
caused by an insertion mutation in the SOS1 gene [Hart et al. 2002].
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Although CFC is considered an autosomal dominant syndrome, it was not known how this
syndrome impacts reproductive fitness. It is unclear if mutations within the MAPK pathway
mediated by Raf (BRAF, RAF1/CRAF, MEK1 and MEK?) are incompatible with
reproduction or if lack of reproductive success is due to other phenotypic features of the
syndrome such as neurocognitive delay which is present in various degrees [Yoon et al.
2007]. However, this is certainly not the case with RAF1 (CRAF) since autosomal dominant
transmission has been documented [Pandit et al, 2007]. The MEK2 mutation identified in
this family is a hypermorph and presumed to affect downstream signaling. MEK 1 and MEK
2 are the only known downstream effectors of Raf. MEK1 and MEK?2 are threonine/tyrosine
kinases with both isoforms having the ability to phosphorylate and activate ERK1 and ERK2
(MAPK). ERK, once activated by MEK, has numerous cytosolic and nuclear substrates
[Yoon and Seger 2006]. Previous in vitro functional studies of other CFC MEK mutant
proteins have demonstrated increased activity over wild-type MEK in stimulating ERK
phosphorylation [Estep et al. 2007; Rodriguez-Viciana et al, 2006].

The Ras/MAPK pathway is critical in mammalian reproduction. In females, follicle
development is dependant upon a properly regulated Ras/MAPK pathway. Sustained and
selective activation of Kras G12D in mouse granulosa cells result in abnormal follicle-like
structures which result in ovarian failure [Fan et al. 2008]. In addition, ERK1 and ERK2 are
essential for the normal function of mouse granulosa cells, as well as the luteinizing
response of oocyte resumption of meiosis, normal ovulation and the proper luteinization of
the mouse ovary [Fan et al. 2009]. The well-orchestrated control of the Ras/MAPK pathway
is just as critical in male reproduction [for review see [Li et al. 2009]]. As some examples,
ERKZ1/2 are present during all stages of mouse spermatogenesis [Lu et al. 1999] and the
Ras/MAPK pathway is critical for proper capacitation [de Lamirande and Gagnon 2002] and
motility [Almog et al. 2008]. In fact, some activating Ras pathway mutations may confer an
advantage to the sperm [Glaser et al. 2003; Glaser and Jabs 2004; Goriely et al. 2009].
Because critical control of the Ras/MAPK pathway is required for mammalian reproduction,
it was surprising that a hyperactive MEK2 mutation directly upstream from ERK is
compatible with successful reproduction. In addition, this mutation was successfully
transmitted from both women and men in this family.

Aberrant upstream Ras signaling resulting in hyperactivated ERK plays a key role in the
pathogenesis and progression of approximately 30% of human cancers [Hoshino et al.
1999]. However, neoplasia, either benign or malignant that is observed in CS, NS or NF1,
has not been reported in CFC syndrome. Although it is unclear if individuals with CFC are
at an increased risk to develop cancer, two individuals with mutations in this pedigree have
developed cancer. The proband’s maternal great grandmother (11-2) developed a large B-cell
lymphoma at age 70 and the proband’s maternal great uncle died of acute lymphoblastic
leukemia (ALL) at age 41 years. This is the third mutation positive CFC individual to have
developed ALL [Makita et al. 2007; Van Den Berg 1999].

In conclusion, we present a family of four generations with CFC syndrome caused by a
novel p.P128Q MEK2 mutation which has increased functional kinase activity over wild-
type in vitro. Evaluation of this family has certainly expanded the phenotype of CFC
syndrome to include variable expressivity among family members who harbor the same
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pathogenetic mutation and it has heightened our awareness that ALL may be of higher risk
in individuals with CFC syndrome. Our findings underscore the importance of a thorough
genetic evaluation of family members and that activating mutant proteins within the MAPK
cascade may be compatible with human reproduction.
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Figure 1.
Clinical images of the family. A) Current clinical images of mutation positive family

members. All family members who tested positive for the mutation have similar ectodermal
findings as well as have learning disabilities. B) A photograph of the proband’s maternal
grandmothers (111-6) family. Photo taken circa late-1960s.
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Pedigree of the family. The proband (indicated by an arrow and black shading) has
phenotypic features consistent with a clinical diagnosis of CFC syndrome and has a
p.P128Q MEK2 missense mutation. Family members who participated in the study and who
have phenotypic features consistent with a clinical diagnosis of CFC syndrome also
harbored the same MEK2 mutation (indicated by a blackened symbol). Participating family
members that did not have features of CFC tested negative for the mutation (white) and
members with gray shading are presumed mutation carriers. I-2, who is shaded in gray, was
reported to be born with no arms and had reported features similar to affected individuals in
the family. 111-3, also shaded in gray, did not want to have his blood drawn but has
phenotypic features which are similar to family members who tested positive for the MEK2
mutation. 111-5 is deceased but presumed to have been a mutation carrier since he has two
affected offspring.
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Figure 3.

Electropherograms of MEK2 exon 3 sequencing. Electropherograms of the novel MEK2
mutation ¢.383C>A transition in exon 3 results in a nonsynonymous missense substitution
p.P128Q. The proband, his half-sibling brother and mother all have the heterozygous
germline mutation. The proband’s father has the wild-type MEK2 sequence.
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Figure4.
Functional characterization of the MEK2 p.P128Q mutant. Human embryonic kidney 293T

cells were transiently transfected with the MEK2 p.P128Q mutant plasmid and appropriate
controls. ERK phosphorylation was assayed by Western blotting using phosphospecific
antibodies. The p.P128Q MEK2 mutant protein had increased ERK phosphorylation
compared to the level induced by empty vector, wild-type MEK2 and the kinase dead
control. However, the p.P128Q MEK2 mutant protein was less active less than the CFC
MEK?2 p.F57C mutant which is known to have increased activity over wild-type. This
indicates that p.P128Q MEK?2 is a weak hypermorph. Myc-tagged MEK2 served as a marker
for transfection efficiency and total ERK served as a loading control.
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