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Abstract. Acromesomelic dysplasia, type Maroteaux (AMDM) is a congenital bone dysplasia characterized by 
disproportionate, acromesomelic shortening of the limbs and mild spondylar dysplasia. AMDM is caused by biallelic 
loss-of-function mutations in NPR2 encoding natriuretic peptide receptor-B. We report on a 25-yr-old Japanese woman 
with AMDM. Her height was 119.0 cm (–7.4 SD) and weight 35 kg (–2.3 SD). She had acromesomelic shortening of 
limbs and severe brachydactyly. Radiological examination showed that her metacarpals and phalanges were short 
and wide, and her vertebral bodies were mildly flattened. Molecular analysis revealed a novel homozygous NPR2 
mutation (c.1163G>A, p.Arg388Gln). We performed in vitro functional studies using HA-tagged wild-type (WT) and 
Arg388Gln vectors (HA-WT-NPRB and HA-R388Q-NPRB). Cells expressing HA-R388Q-NPRB showed negligible cGMP 
responses to C-type natriuretic peptide (CNP) stimulation, indicating that the mutation led to severe loss-of-function. By 
immunofluorescence experiments under permeabilized conditions, HA-WT-NPRB was expressed on plasma membrane, 
while HA-R388Q-NPRB co-localized with an Endoplasmic Reticulum marker. Cells co-expressing R388Q and the WT 
exhibited lower responses under CNP treatment than cells co-expressing the WT and empty vectors. Thus, it was thought 
that R388Q caused a dominant-negative effect with a defect in cellular trafficking to the plasma membrane.
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Introduction

Acromesomelic dysplasia, type Maroteaux (AMDM, 
OMIM#602875) is a rare congenital bone dysplasia 
characterized by disproportionate acromesimelic 
shortening of the limbs and mild spondylar dysplasia 
(1, 2). This disorder is caused by biallelic loss-of-function 
mutations in NPR2 encoding natriuretic peptide 
receptor-B (NPR-B) (3). Heterozygous loss-of-function 
mutations in NPR2 account for 0.4–6% of patients 
with idiopathic short stature (4–6). In contrast, gain-
of-function mutations in NPR2 cause an overgrowth 
syndrome termed epiphyseal chondrodysplasia, Miura 
type (#615923) (7).

NPR-B is a single transmembrane receptor, 
consisting of the following domains; ligand binding 
domain, transmembrane domain, kinase homology 

domain, and guanylyl cyclase domain. The ligand of 
NPR-B, C-type natriuretic peptide (CNP), activates 
guanylyl cyclase, converting GTP into cGMP. This CNP-
NPR-B signaling plays a critical role in endochondral 
ossification, which is responsible for longitudinal growth 
in limbs and vertebrae (8, 9).

In this report, we present a patient with AMDM 
caused by a novel homozygous NPR2 mutation. 
Functional studies revealed that the mutant protein 
had a dominant-negative effect and defective cellular 
trafficking to the plasma membrane.

Materials and Methods

Clinical report

The proband was a 25-yr-old Japanese woman, who 
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was born at term as the second child of a consanguineous 
couple of first-degree cousins (Fig. 1A). Her parents’ 
heights were not short. The birth length of the proband 
was 46.6 cm (10th percentile) and birth weight was 3,570 
g (90th–97th percentile). At 2 yr of age, she was noted to 
have a short stature. At that point, the tentative clinical 
diagnosis was hypochondroplasia. At 21 yr of age, she 
was referred to us for a limb lengthening procedure. On 
physical examination, her height was 119.0 cm (–7.4 SD) 
and weight was 35 kg (–2.3 SD). She had acromesomelic 
limb shortening with severe brachydactyly (Fig. 1B). 
On radiological examination, her metacarpals and 
phalanges were very short and wide. Her vertebral 
bodies were mildly flattened, indicating platyspondyly 
(Fig. 1B). Based on these findings, she was clinically 
diagnosed with AMDM.

Mutation detection

We obtained written consent from the patient 
and her parents for molecular studies, which were 
approved by the Ethics Committee of Keio University 
School of Medicine. We extracted genomic DNA from the 
peripheral blood of the patient and her parents using 
standard techniques. All coding exons and flanking 
introns of NPR2 were analyzed by PCR-based DNA 
sequencing. The NPR2 genomic DNA sequence was 
based on NM_003995. Primer sequences and PCR 
conditions are available upon request.

Functional characterization of a novel NPR2 
mutation

Plasmids, cell culture, and transfection: A 
hemagglutinin (HA)-tagged human wild-type (WT) 
NPRB expression vector (HA-WT-NPRB) has been 

described previously (10). A vector expressing mutant 
p.Arg388Gln (HA-R388Q-NPRB) was generated by 
site-directed mutagenesis (PrimeSTAR Mutagenesis 
Basal Kit, Takara, Tokyo, Japan). The mutant construct 
was verified by direct sequencing. COS7 cells were 
grown in DMEM supplemented with 10% FBS and 1% 
penicillin/streptomycin at 37°C in 10% CO2. Cells were 
subjected to transient transfection with Lipofectamine 
2000 (InvitrogenTM, Carlsbad, CA, USA) according to 
the manufacturer’s protocol.

Measurements of CNP-dependent cGMP response: 
Cells were transiently transfected with each HA-NPRB 
vector. Twenty-four hours after transfection, the cells 
were incubated with or without 100 nM of CNP-22 
(Bachem, Ltd., Bubendorf, Switzerland) for 10 min. The 
reaction was arrested with 200 μL of 0.1 M HCl. The 
cGMP levels of the lysate supernatant were measured 
using a competitive enzyme immunoassay (cyclic GMP 
Complete; Enzo Life Science, Farmingdale, NY, USA) 
according to the manufacturer’s protocol.

Western blotting: Cells were transiently transfected 
with each HA-NPRB vector. Forty-eight hours after 
transfection, total cell lysates were subjected to 10% 
SDS-PAGE and transferred to PVDF membranes. 
HA-WT-NPRB and HA-R388Q-NPRB were detected 
by immunoblotting using a rat anti-HA antibody (clone 
3F10; Roche Applied Science, Basel, Switzerland) and 
HRP-conjugated rabbit anti-rat IgG polyclonal antibody 
(Sigma-Aldrich, St. Louis, MO, USA). Immunoreactive 
bands were visualized using a chemiluminescence 
kit (ECL Western Blotting Substrate; Thermo Fisher 
Scientific, Waltham, MA, USA).

Subcellular localization analysis: Cells were 
transfected with either HA-WT-NPRB or HA-R388Q-
NPRB construct with a green fluorescent protein-tagged 
endoplasmic reticulum (ER) marker construct. Forty-

Fig. 1. A: Pedigree showing the family, including a patient with Acromesomelic dysplasia, type Maroteaux (AMDM). The 
values under the symbols show height SDS. NA denotes not available. B: A photograph and radiographs of the 
patient at 21 yr of age. The photograph of her hands illustrates brachydactyly. The radiograph of her hands shows 
very short and wide metacarpals and phalanges. The radiograph of her lateral spine reveals platespondyly.
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eight hours after transfection, the cells were fixed and 
treated with 0.1% Triton X-100 for permeabilization or 
left untreated. Fixed cells were incubated with a rat 
anti-HA antibody (3F10) at 1:100 dilution for 30 min., 
followed by a secondary antibody (Alexa Fluor 568 goat 
anti-rat IgG; Life Technologies, Carlsbad, CA, USA) 
at 1:100 dilution for 30 min. Coverslips were mounted 
with VECTASHIELD Mounting Medium with DAPI 
(Vector Laboratory, Burlingame, CA, USA) and were 
observed under a TCS-SP5 confocal microscope (Leica, 
Microsystems, Mannheim, Germany).

Results

Mutation detection

We identified a novel homozygous missense NPR2 
variant (c.1163G>A, p.Arg388Gln) in the proband (Fig. 
2A). The variant was not registered in the genome 
aggregation database (https://gnomad.broadinstitute.
org/) or, dbSNP147 (http://www.ncbi.nlm.nih.gov/SNP/). 
Arg388, which is located in the ligand-binding domain, 
was highly conserved among vertebrate species and 
other natriuretic peptide receptors (NPR-A and -C) 
(Fig. 2B). These natriuretic receptors (NPR-A and -C) 
preferentially bind to atrial natriuretic peptide. The 
patient’s parents were heterozygous for the mutation 

p.R388Q (data not shown).

Functional characteristics of R388Q mutation

The CNP-dependent cGMP response of HA-R388Q-
NPRB was as low as that of empty vector (Fig. 3A). 
To elucidate the mechanisms underlying the loss-of-
function mutant (R388Q), we conducted further in vitro 
functional studies. Western blotting showed that the 
expression of R388Q was comparable to that of WT 
cells. However, R388Q showed only a lower-molecular-
weight band (lower band) compared with that of the WT, 
which showed two bands (Fig. 3B). Immunofluorescence 
experiments under non-permeabilized conditions 
revealed that the WT-NPRB protein was clearly 
expressed on the cell surface, while R388Q was not (Fig. 
3C). Under permeabilized conditions, R388Q co-localized 
with an ER marker. Co-expression of R388Q and the WT 
protein led to a significant loss in CNP-dependent cGMP 
responses compared with that of the empty vector and 
WT, indicating a dominant-negative effect (Fig. 3D).

Discussion

We identified a novel NPR2 variant, c.1163G>A, 
p.Arg388Gln in a patient with AMDM. She carried the 
variant in a homozygous state from her parents who were 

Fig. 2. Identification of a novel NPR2 mutation, R388Q. A: A schematic diagram of natriuretic peptide receptor-B (NPR-B) 
protein, which consists of an extracellular ligand binding domain, a transmembrane domain, a kinase homology 
domain, and a guanylyl cyclase domain. The blue closed circle shows C-type natriuretic peptide (CNP). The 
homozygous substitution of glutamine in place of Arg388 is indicated by an arrow on the chromatogram, and is 
located in the ligand binding domain. B: Sequence alignments surrounding the Arg388 amino acid residue are 
shown. Arg388 is conserved among NPR-B of terrestrial animals and other natriuretic peptide receptors (NPR-A 
and -C), which predominantly bind to atrial natriuretic peptide (ANP).
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first-degree cousins. We evaluated the cGMP response 
of p.R388Q to CNP treatment, which showed negligible 
cGMP production capacity. We confirmed that p.R388Q 
is a loss-of- function mutation.

The functional consequences of the disease-causing 
variant were ascertained by the following experiments. 
Immunofluorescence experiments showed that HA-WT-
NPRB was expressed on the plasma membrane, while 
HA-R388Q-NPRB colocalized with the ER marker, 
indicating defective intracellular trafficking from the 
ER to the plasma membrane. Moreover, immunoblotting 
analyses showed that HA-WT-NPRB expressed two 
immunoreactive bands, whereas HA-R388Q-NPRB 
expressed only a lower molecular weight band (lower 
band). This result raised the hypothesis that the mutant 
R388Q protein was not fully glycosylated in the Golgi 
apparatus. According to previous deglycosylation studies, 
the lower band was derived only from N-glycosylated 
NPRB produced in the ER, while a higher molecular 
weight band (upper band) was derived from fully 

glycosylated NPRB produced in the Golgi apparatus 
(5, 11). It is assumed that full glycosylation in the 
Golgi apparatus creates correctly folded NPRB that is 
transported from the Golgi apparatus to the plasma 
membrane, while misfolded NPRB is retained in the ER. 
Such a hypothesis was also supported by the findings 
that HA-R388Q-NPRB colocalized with the ER marker. 
As previously reported, ER retention with defective 
trafficking to the plasma membrane is a common 
pathogenic consequence of NPRB mutants.

Moreover, the cGMP response of R388Q co-
expressed with the WT protein showed that the 
mutant R388Q had a dominant-negative effect. Our 
previous co-expression studies involving HA-WT-NPRB 
demonstrated that the mutant R110C, which showed 
ER retention similarly to R388Q, interacted with WT-
NPRB in co-immunoprecipitation assays, and reduced 
the abundance of fully glycosylated NPRB as detected by 
immunoblotting assays. We speculated that the mutant 
R388Q exerted a dominant-negative effect by entrapping 

Fig. 3. Functional characterization of R388Q. A: C-type natriuretic peptide (CNP)-stimulated cGMP responses in cells 
transiently transfected with empty vector (EV), wild-type (WT) and R388Q mutant were evaluated. R388Q showed 
negligible response. Data are presented as the mean ± SEM of triplicate samples, and are representative of three 
independent experiments. B: Immunoblotting analyses of HA-NPR-B proteins. The WT expressed two bands, 
whereas the R388Q mutant only presented the lower band. Migration of molecular mass markers (in kDa) is 
shown on the left of each panel. C: Immunofluorescence analyses under non-permeabilized or permeabilized 
conditions. WT (red) showed clear plasma membrane expression in non-permeabilized cells, whereas R388Q (red) 
did not show any plasma membrane expression in non-permeabilized cells, but exhibited co-localized expression 
with the endoplasmic reticulum (green) marker in permeabilized cells. D: CNP-stimulated cGMP response in cells 
co-transfected with WT and R388Q.
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the WT receptor in the ER, similarly to R110C.
The heights of the patient’s parents were not short. 

Recently, it has been reported that heterozygous NPR2 
mutations are found in patients with short stature (4–6). 
Almost all of the mutations identified in a short-stature 
cohort that have been validated by functional studies 
exhibit a dominant negative effect (4, 5, 13). Therefore, 
mutations with a dominant-negative effect would affect 
height, whereas it is unclear whether those without a 
dominant-negative effect (i.e. haploinsufficiency) could 
affect height. Moreover, heterozygous mutations with a 
dominant-negative effect have been observed in patients 
with disproportionate (i.e., mesomelic shortening of the 
arms), suggesting Léri-Weill dyschondrosteosis (13). 
Olney et al. studied height in a large family with AMDM. 
Heterozygous mutation carriers were on average 1.0 
SD shorter than non-carrier family members. In this 
family, some carriers were taller than average, while 
others were less than –2.0 SD (12). Thus, the phenotypes 
of heterozygous carriers can be highly variable. This 
is because height is determined by polygenic and/
or multifactorial factors. NPR2 is a cardinal height-
determining gene, but there are a number of other 
important genes, such as ACAN and SHOX (14).

Conclusion

In summary, we identified a novel loss-of-function 
mutation in a patient with AMDM. The identified 
mutation, R388Q, exerted a dominant-negative effect, 
with defective cellular trafficking to the plasma 
membrane.
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