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The signal pathway of the C-type natriuretic (CNP) a

receptor, natriuretic peptide receptor 2 (NPR2) is invo

the longitudinal growth of long bones. Loss of function

tions at NPR2 cause acromesomelic dysplasia, type Maro

while overproductionofCNPbychromosomal translocati

a gain-of-function mutation at NPR2 have been reporte

responsible for an overgrowth syndrome in three cases a

family, respectively.We identified a four-generation fami

an overgrowth syndrome characterized by tall stature,

dactyly of the great toes, scoliosis, coxa valga and slipped

femoral epiphysis, similar to those previously reported i

ciation with CNP/NPR2 overactivity. The serum level of a

terminal proCNP was normal in the proband. A novel m

mutation of NPR2, c.1462G>C (p.Ala488Pro) was found

segregate with the phenotype in this family. In vitro trans

assay of the mutant NPR2 revealed overactivity of the m

receptor at baseline as well as with the ligand. This over

syndrome causedbyagain-of-functionmutationatNPR2

be differentiated fromMarfan or related syndromes, and

categorized along with the overgrowth syndrome cau

overproduction of CNP due to its phenotypical simila

overgrowth CNP/NPR2 signalopathy. � 2013 Wiley Periodic

Key words: tall stature; CNP signal; scoliosis; macrodac

the big toe; slipped capital femoral epiphysis
INTRODUCTION

factors

trophy,

growth

(ANP;

brane

NPR2;

nosine

idence

Grant sponsor: Ministry for Health, Welfare and Family Affairs Republic

of Korea; Grant number: A080588; Grant sponsor: Ministry of Health,

Labour and Welfare of Japan; Grant number: KH20Q007a-1.
�Correspondence to:

Tae-Joon Cho, M.D., Division of Pediatric Orthopaedics, Seoul National

University Children’s Hospital, 101 Daehang-ro Jongno-gu, Seoul 110-

744, Republic of Korea.

E-mail: tjcho@snu.ac.kr

Article first published online in Wiley Online Library

(wileyonlinelibrary.com): 20 November 2013

DOI 10.1002/ajmg.a.36218
Natriuretic peptides are a family of hormones/paracrine

regulating blood volume, blood pressure, ventricular hyper

pulmonary hypertension, fat metabolism, and long bone

[Potter et al., 2006]. They include atrial natriuretic peptide

OMIM 600296). CNP binds to a homodimeric transmem

receptor, natriuretic peptide receptor B/guanylate cylcase B (

OMIM108961) to increase intracellular level of cyclic gua

monophosphate (cGMP) [Schulz, 2005]. Several lines of ev
� 2013 Wiley Periodicals, Inc.
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indicate that CNP-NPR2 signaling plays an important role in

endochondral ossification [Yasoda et al., 1998; Teixeira

et al., 2008]. Inactivation of CNP-NPR2 signaling resulted in

dwarfism in both mouse and human. CNP knock-out mice

(Nppc�/�) or mice with homozygous loss-of-function mutations

in Npr2 result in undergrowth of the skeletal system [Chusho

et al., 2001; Tsuji and Kunieda, 2005]. In humans, an autosomal

recessive skeletal dysplasia, acromesomelic dysplasia, type Maro-

teaux (AMDM) characterized by disproportionately mesomelic

shortening of the limbs and severe brachydactyly of the hands

and feet is caused by homozygous or compound heterozygous loss-

of-function mutations in NPR2 [Bartels et al., 2004]. On the other

hand, chronically elevated plasma level of CNP stimulates skeletal
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growth in CNP-overproducing transgenic mice [Kake et al., 2009].

In humans, overproduction of CNP due to a chromosomal trans-

location causes an overgrowth syndrome [Bocciardi et al., 2007;

Moncla et al., 2007]. A three-generation Japanese family was

recently reported, with an overgrowth syndrome caused by a

gain-of-function mutation in NPR2 [Miura et al., 2012]. We

identified and report a four-generation Korean family with similar

phenotype and a novel gain-of-function mutation in NPR2.

MATERIALS AND METHODS

Clinical Report
This study was approved by the ethics committee at Seoul National

University Hospital, and written informed consent was obtained

from the proband and family members. An 8-year-old boy visited

orthopedic clinic for awkward ambulation and ankle pain on

walking. He was a product of normal full term pregnancy with a

birthweight 3.2 kg and height 50 cm (z¼�0.04).Hismacrodactyly

of the big toe was observed since birth, something familiar to his

family (Figs. 1 and 2). Developmental milestones were within

normal limits. He was recognized as bigger than his age group

after the neonatal period.On physical examination at 8 years of age,

the height was 145 cm (z¼þ3.67), and weight was 40 kg (>97th

centile). He had Marfanoid habitus and arachnodactyly.

Neurologic examination was free of abnormal findings. At age

12 years, an unstable slipped capital femoral epiphysis (SCFE)

developed on the left hip. Physical examination at this age revealed

height 183 cm (z¼þ5.19), weight 71 kg (>97th centile), BMI

21.2 kg/m2.He showed long and slender fingers and toes, the hallux

being remarkably longer than the other toes, ankle valgus deformity,

and scoliosis. No anomalies of cardiac valves or the aorta were

found on echocardiogram. Blood pressure was within normal

limits. No abnormality was observed in ophthalmic and otologic

examinations. Hematological, biochemical and endocrinological
FIG. 1. Pedigree of the family. There are several father-to-son transmissi

pattern. Transverse bars above the circles or rectangles denote those wh
values including insulin-like growth factor-I (IGF-I) were within

normal ranges. However, bone formation and resorption markers

were increased—osteocalcin, 118 ng/ml (reference range, 8–50);

urinary cross-linkedN-telopeptide of type I collagen, 969BCE/mM

creatinine (reference range, 21–83). Bonemineral density of L2-4 as

measure by dual energy X-ray absorptiometry (Lunar Prodigy

Advance, GE Healthcare, Waukesha, WI) was 0.791g/cm2

(z¼�0.3). Considering the tall stature of this patient, this BMD

resultmay suggest presence ofmore severe osteopenia. Radiological

survey of the skeleton showed coxa valga deformity of the femora,

slipped capital femoral epiphysis, and lumbar scoliosis (Fig. 3).

Arachnodactyly of all fingers and toes; of these, disproportionately

long and large great toes were observed. Investigation of the family

history revealed a four-generation family with 11 family members

including the proband that could be considered to have the same

phenotype. Five of 11 affectedmembers were examined. They were

characterized by tall stature (exceeded þ4 SD compared to age

matched control height of Korean population) and markedly long

big toes. All of them showed coxa valga deformity with epiphyseal

dysplasia of the femoral capital epiphyses and two had SCFE

(Fig. 4). Three of them had lumbar scoliosis. The vertebral bodies

were tall and showing endplate irregularities and narrowing of the

intervertebral disc spaces in four of them. As seen in the clinical

phenotype, radiograph of the feet showed extremely elongated

metatarsals and assorted phalanges of the great toe symmetrically.

The hands of all affected individuals showed arachnodactyly with-

out elongation of specific fingers.
Mutation Analysis
Genomic DNA was extracted from the circulating leukocytes from

the proband and family members available (Fig. 1). All the exons of

CNP, NPR2, Natriuretic peptide receptor C (NPR3; MIM108962),

and fibroblast growth factor receptor 3 (FGFR3; MIM134934) were
ons of the phenotype, revealing autosomal dominant inheritance

o underwent mutation study. An arrow indicates the proband.
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FIG. 2. Photographs of the feet of the affected family members. A: III-3, (B) IV-1, (C) IV-2, (D) IV-3, (E) IV-4. Patients IV-3 and IV-4 show

relatively mild macrodactyly of the big toes as compared with the others.
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amplified using specific primers [Miura et al., 2012] flanking the

intron–exon boundaries according to published human genomic

DNA sequences (UCSC genome browser: uc002vsl.1 at chromo-

some 2, 232498379–232499203; uc003zyd.1 at chromosome 9,

35782406–35799728; uc003jhv.2 at chromosome 5, 32711665–

32787252; uc003gds.2 at chromosome 4, 1764337–1780396,

respectively). Polymerase chain reaction (PCR) products was

sequenced using a Big Dye terminator cycle sequencing kit

(version 3.1; Applied Biosystems, Foster City, CA) and an ABI

3130 automated sequencer (Applied Biosystems).
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nline L

ibrary for rules of use; O
A

 articles are
Measurement of Serum Amino-Terminal (NT)
proCNP Concentrations
Serum of IV-2 and III-3 were separated and collected, and NT-

proCNP was assayed using an enzyme immunoassay (BIOMED-

ICA, Vienna, Austria) according to the instructions provided. As a

control, samples from eight healthy Japanese teenager boys and five

women were also measured.
 governed by the applicable C
reative C
In Vitro Transfection Assay of Mutant NPR2
The pcDNA3.1(þ)/hemagglutinin (HA)-tagged human NPR2

wild-type vector (HA-WT) was a gift from Dr. Yoshihiro

Ogawa (Tokyo Medical and Dental University, Japan) [Hachiya

et al., 2007]. The construct encoding the mutant p.Ala488Pro,
pcDNA3.1(þ)/HA-human NPR-2 Ala488Pro (HA-Ala488Pro),

was generated by PCR-based mutagenesis using HA-WT as

the template, and primers containing the nucleotide change.

All vector constructs were verified by bidirectional DNA

sequencing.

HEK293A cells at confluence were transfectedwith empty vector

containing green fluorescent protein(GFP), HA-WT, and HA-

Ala488Pro using the liposomal transfection reagent FuGENE6

(Reagent: DNA¼ 3ml: 0.5mg, Roche, Indianapolis, IN, 12-well
plate), according to the manufacturer’s instructions. In 48 hr, cell

lysate was harvested and immunoblot was performed to compare

the expression of transfected genes, using a mouse monoclonal

antibody against HA-tag (6E2, 1:1,000; Cell Signaling Technology,

Boston, MA) as the primary antibody. As an internal control,

b-actin in each sample was detected with amonoclonal anti-b-actin
antibody (1:5,000; SIGMA-ALDRICH, Saint Louis, MO).

Transfected cells were serum-starved for 24 hr before the cGMP

assay and then incubated at 37˚C with 5% CO2 in DMEM

containing 0.5mM IBMX (3-isobutyl-1-methylxanthine) (Wako,

Osaka, Japan) for 10min. The cells were next treated with vehicle

(water) or 1� 10�7MCNP-22 (Biochem Life Sciences, NewDelhi,

India) and incubated for another 10min. The reaction was termi-

nated with 300ml of 0.1M HCl, and the cGMP concentration was

measured by a competitive enzyme immunoassay (CaymanChem-

ical, Ann Arbor, MI). Results are presented as the mean� SD.

Student’s t test was used for statistical analyses.
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FIG. 3. Skeletal survey of the proband at age 12 years. A,B: Anteroposterior and lateral spine show lumbar scoliosis, slightly tall vertebral

bodies with irregular end-plates, and narrowing of the intervertebral disc spaces. C: Pelvis shows coxa valga deformity and slipped femoral

capital epiphysis on the left hip. D: Lower extremity demonstrates long and slender long bones with thin cortices. Mild inward bowing of the

tibial and fibular diaphysis and ankle valgus deformity are noted. E: Feet show exceedingly long and large metatarsals and phalanges of the

great toes symmetrically. F: Hands show overall arachnodactyly without specific digit elongation. Carpal bone age is advanced, measuring

approximately 14 years of age.
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RESULTS

Identification of a Novel Missense Mutation
p.Ala488Pro in NPR2
On screening the sequences of exons of CNP, NPR2, NPR3, and

FGFR3 in the proband and familymembers as depicted on Figure 1,

we identified a novel heterozygous sequence variation c. 1462G>C

atNPR2 in those who shared the similar phenotype (III-3, IV-1, IV-

2, IV-3, and IV-4), but not in the remaining unaffected family

members. The sequence variation eliminates anNheI cleavage site.

PCRproduct of wild type containing this site (484 bp)would be cut

into 95 and 389 bp fragments. Hence, these PCR products from

all the patients tested were incubated with NheI (New England

BioLabs, Ipswiich, MA) overnight and run on an agarose gel to

confirm the presence of this sequence variation. It showed that this

sequence variation perfectly co-segregated with the phenotype in

this family. It was predicted to substitute alanine for proline (p.

Ala488Pro). This variant was not registered in the dbSNP (build

137) (http://www.ncbi.nlm.nih.gov/projects/SNP/) nor in the
NHLBI Exome Sequencing Project (ESP) (http://evs.gs.washing-

ton.edu/EVS/). It was not found in 400 alleles from healthy Korean

or Japanese controls, either.AminoacidAla488 is located in ahighly

conserved region of the juxtamembranous cytoplasmic domain of

NPR2 and is conserved across species (Fig. 5). No mutations were

found in CNP, NPR3, or FGFR3.

CNP Was Not Overproduced in the Proband
Serum NT-proCNP levels of the proband (IV-2) and his mother

were measured 9.68 and 2.65 pmol/L, respectively. Those of eight

Japanese teenager boys of age ranging from 12 to 14 years averaged

6.0� 3.4 pmol/L (mean� standard deviation), and of five Japanese

female adults of age ranging from 32 to 48 averaged 4.0� 0.9 pmol/

L (unpublished data).

p.Ala488Pro Is a Gain-of-Function Mutation
To investigate the pathogenic significance of the p.Ala488Pro

mutation, an in vitro functional assay was performed. HEK293A
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m
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FIG. 4. Radiographs of the pelvis and spine of the other affected family members. Marked coxa valga deformity and residual valgus slipped

capital femoral epiphysis are seen in Patients III-3 (A) and IV-1 (B). C: Coxa valga deformity and unstable aggravation of the slipped capital

femoral epiphysis at the left hip are seen in Patient IV-3 at age 11 years. D: Patient III-3 and (E) Patient IV-1 show thoracolumbar scoliosis.

The vertebral bodies are tall and narrowing of the disc spaces is noted.
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cells were transfected with the GFP, HA-WT, and HA-Ala488Pro.

The Western blot analysis using anti-HA antibody confirmed that

HA-WT and HA-Ala488Pro were expressed at comparable levels,

with an approximate molecular size of 120 kDa (Fig. 6A). cGMP

production in the cells expressingHA-WT, andHA-Ala488Prowas

also examined. cGMPwas produced in Ala488Pro-expressing cells,

even in the absence of CNP, while no production was observed in

HA-WT-expressing cells. Treatment with CNP-22 at a dose of

1� 10�7M increased intracellular cGMP levels with concentra-

tions significantly higher in HA-Ala488Pro than in HA-WT-

expressing cells (Fig. 6B). These results indicate that p.Ala488Pro

is a gain-of-function type mutation.
 by the applicable C
reative C
DISCUSSION

The CNP/NPR2 signal pathway is involved in the longitudinal

growth of skeletal system [Yasoda et al., 1998; Chusho et al., 2001;
Bartels et al., 2004; Tsuji and Kunieda, 2005; Bocciardi et al., 2007;

Moncla et al., 2007; Teixeira et al., 2008; Kake et al., 2009]. Miura

et al. [2012] reported a Japanese family with an overgrowth

syndrome caused by a gain-of-function mutation at NPR2. The

current study reports a second family showing a similar phenotype

inherited as an autosomal dominant trait. The affected family

members harbor a novel gain-of-function mutation at NPR2,

c.1462G>C (p.Ala488Pro).

The mutation of the current family is located at a

topological domain between transmembrane and protein

kinase domainsrot[UniProtKB[Internet]], while the previously

reported gain-of-function mutation was at the guanylate cyclase

domain [Miura et al., 2012]. Although the current mutation does

not exist at the guanylate cyclase domain, it must bring confor-

mational change at the 3D structure of guanylate cyclase domain

to enhance its enzymatic activity with or without binding

the ligand.
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FIG. 5. Identification of the Npr2 mutation. Sanger sequencing of the NPR2 revealed a novel G! C missense mutation at nucleotide þ1,462

creates a substitution, proline for alanine, at codon 488 in a heterozygous state. Among the subjects tested, this mutation was present in all

the patients having the phenotype, and absent in all those who did not (A). This mutation eliminated the cleavage site of NheI, producing two

bands on gel electrophoresis when treated with NheI (B). Amino acid alignment of NPR2 among various species. Alanine at codon 488 is

located in a highly conserved cytoplasmic region between the transmembrane and protein kinase domains of NPR2 (C).
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NPR2 is an interesting example of phenotypes contrasting

between gain-of-function versus loss-of-function mutations at a

gene encoding a receptor protein. Homozygous or compound

heterozygous loss-of-functionmutations ofNPR2 in humans cause

a specific skeletal dysplasia, AMDM, characterized bymarked short

stature as well as short fingers and toes. The overgrowth syndrome

by gain-of-functionmutation seems to have phenotype opposite to

that ofAMDM. It is also interesting to note that the increasedNPR2

activity did not suppress CNP production, maintaining its serum

level within normal limit. The same unsuppressedCNPproduction

was also observed in the previous cases of gain-of-function muta-

tion atNPR2 [Miura et al., 2012], suggesting lack of feedback loop

between the NPR2 activity and CNP production.

This family has noticed 11 affected members by tall stature and

long big toes through four generations.Neithermacrodactyly of the

big toe and ankle valgus deformity nor scoliosis and residual

proximal femoral deformity of SCFE interferes with their daily

living activities. One of them (IV-3) had even played basketball in a

high school varsity team. However, development of unstable SCFE

threatened function of the hip joint, and the proband was required

to have major hip surgeries. SCFE is a chronic, gradual displace-

ment of the femoral head at the proximal femoral physis. It may

remain silent until physeal closure, and end up with residual

deformity at the proximal femur as in the Patients III-3 and IV-
1 (Fig. 4). However, in some cases, the SCFE could aggravate

suddenly, resulting in unstable separation of the femoral head as

in Patients IV-2 and IV-4 (Figs. 3 and 4), which is an orthopedic

emergency requiring surgical intervention to stabilize the femoral

head and to preserve its viability. Hence, once this disease entity is

recognized, the patient should have an orthopedic consultation to

monitor development and progress of SCFE, which was exclusively

harbored by the affected members in this family. It is noteworthy

that a residual deformity of silent SCFE showed posterolateral

displacement of the femoral head (Fig. 4), a rare subtype of

SCFE [Loder et al., 2006]. Scoliosis did not require any intervention

in these affected familymembers.Macrodactyly of the big toes were

not complained of in shoe fitting or cosmesis in the proband and

affected family members.

The characteristic clinical and radiological findings make it

a specific, discernible clinical disease entity, which can be differen-

tiated from Marfan or other related syndromes. However, it is

very similar to a phenotype caused by chromosomal translocation

of 2q37 and subsequent CNP overproduction [Bocciardi

et al., 2007; Moncla et al., 2007]. Hence, CNP overproduction

and its receptor genegain-of-functionmutationmaybe categorized

into a disease entity, that is, overgrowth CNP/NPR2 signalopathy,

which should be included in differential diagnosis of the over-

growth syndrome.
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FIG. 6. NPR2 mutation of p.Ala488Pro is a gain-of-function mutation. A: Western blot analysis confirmed the comparable expression of HA-WT

(WT) and HA-Ala488Pro. As an internal control, b-actin in each sample was detected with anti-b-actin antibody. B: Increased cGMP production

in the HEK293A cells transfected with the p.Ala488Pro mutant compared to that in wild-type cells (WT). Forty-eight hours after the

transfection, the cells were serum-starved for 24 hr, and then treated with the indicated concentrations of CNP-22 for 10min, before cGMP

production was assayed. Results are presented as the mean� SD (N¼ 3, �P< 0.05).
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In summary,we report on a familywith anovergrowth syndrome

inherited as autosomaldominant trait,which is causedby a gain-of-

functionmutation atNPR2. This is a distinct clinical entity that can

be differentiated from other overgrowth syndromes by its clinical

and radiologicalmanifestations. Recognition of this specific disease

entity will lead to targeted molecular study for confirmation, and

will alert the clinician for potentially serious complication such as

unstable SCFE.
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