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Abstract

Based on the observation of reduced stature in relatives of patients with acromesomelic dysplasia, 

Maroteaux type (AMDM), caused by homozygous or compound heterozygous mutations in 

natriuretic peptide receptor-B gene (NPR2), it has been suggested that heterozygous mutations in 

this gene could be responsible for the growth impairment observed in some cases of idiopathic 

short stature (ISS). We enrolled 192 unrelated patients with short stature and 192 controls of 

normal height and identified seven heterozygous NPR2 missense or splice site mutations all in the 
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short stature patients, including one de novo splice site variant. Three of the six inherited variants 

segregated with short stature in the family. Nine additional rare nonsynonymous NPR2 variants 

were found in three additional cohorts. Functional studies identified eight loss-of-function 

mutations in short individuals and one gain-of-function mutation in tall individuals. With these 

data we were able to rigorously verify that NPR2 functional haploinsufficiency contributes to short 

stature. We estimate a prevalence of NPR2 haploinsufficiency of between 0 and 1/26 in people 

with idiopathic short stature. We suggest that NPR2 gain of function may be a more common 

cause of tall stature than previously recognized.
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Introduction

C-type natriuretic peptide (CNP, gene natriuretic peptide precursor C, NPPC; MIM# 

123830) is a small, secreted peptide and a member of the natriuretic peptide family. CNP 

binds to a homodimeric transmembrane receptor named natriuretic peptide receptor-B 

(NPR-B, gene NPR2; MIM# 108961), which functions as a guanylyl cyclase to generate 

cGMP in chondrocytes, female reproductive organs, and endothelial cells (Schulz, 2005; 

Potter et al., 2006). In the growth plate chondrocytes, binding of CNP to NPR-B stimulates 

chondrocyte differentiation and hypertrophy as well as increases matrix synthesis. This 

occurs in part through NPR-B signaling inhibiting MAP kinase signaling by FGFR3 (Mericq 

et al., 2000; Yasoda et al., 2004; Krejci et al., 2005).

Several lines of evidence indicate that CNP/NPR-B signaling is an important regulator of 

skeletal growth. CNP-overexpressing mice exhibit excessive growth (Yasoda et al., 2004), 

while defects of the Nppc (Chusho et al., 2001) or Npr2 (Tamura et al., 2004) gene lead to 

impairment of skeletal development. In humans, biallelic loss-of-function mutations in 

NPR2 cause acromesomelic dysplasia, Maroteaux type (AMDM; MIM# 602875). This 

autosomal recessive skeletal dysplasia is characterized by dwarfism and short limbs (Bartels 

et al., 2004). On the other hand, overproduction of CNP due to a chromosomal translocation 

has been reported in association with a skeletal dysplasia characterized by tall stature 

(Bocciardi et al., 2007; Moncla et al., 2007). In addition, gain-of-function mutations of 

NPR2 have been identified in several families and are associated with an overgrowth 

disorder with only mild skeletal features (Miura et al., 2012; Hannema et al., 2013; 

Robinson et al., 2013; Miura et al., 2014).

Interestingly, in the first report of biallelic NPR2 mutations causing AMDM, parents of 

patients with AMDM (obligate heterozygotes) were noted to be shorter than expected for 

their population of origin (Bartels et al., 2004), although these individuals came from a wide 

range of geographic and ethnic backgrounds, which complicated the interpretation of these 

findings. Another study that evaluated a single family with an AMDM proband showed that 

the heterozygous carriers had a mean height 1.4 SD lower than their non-carrier family 

members (Olney et al., 2006). In this single-family study, the proband’s parents share a 
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common ancestor, so it is possible that the heterozygous carriers share some other mutation 

causing short stature, and the level of evidence of a heterozygous effect was limited by the 

size of the family. Based on these two studies, it is presumed that heterozygous NPR2 loss-

of-function mutations can mildly impair long bone growth. It has further been hypothesized 

that one person in 30 with idiopathic short stature (ISS) will carry a NPR2 mutation (Bartels 

et al., 2004; Olney et al., 2006).

Recent studies searched for heterozygous NPR2 mutations in cohorts with ISS (Table 1). 

One study of 47 independent Brazilian patients identified heterozygous NPR2 mutations in 

6% of patients (Vasques et al., 2013). Another study on 101 unrelated Japanese patients with 

short stature identified heterozygous NPR2 mutations in 2% of patients (Amano et al., 

2014). While providing observational data consistent with the hypothesis that a monoallelic 

NPR2 mutation could cause short stature, these studies did not include controls without short 

stature, and were based on a relatively small number of patients. Hence, the hypothesis that 

NPR2 haploinsufficiency leads to short stature has not been rigorously verified. Analyses of 

larger cohorts, including controls, are needed to more clearly define the role of heterozygous 

NPR2 defects in patients with ISS.

Materials and Methods

Subjects

Short stature patient cohort and Framingham Heart Study controls—192 

patients with short stature (height more than 2 SD below the mean for age and sex) 

(Kuczmarski et al., 2002) but without defined etiology, were recruited from the 

endocrinology and genetics clinics at Boston Children's Hospital. 104 subjects fit strict 

criteria for ISS with no evidence of growth hormone deficiency, significant medical 

comorbidity, developmental delay, or suspected syndromic cause for their short stature. Of 

these 104 patients, height data was available for both parents in 99 cases. 22 of these 99 

subjects (22.2%) had at least one parent with a height below −2 SD and were defined as 

having familial ISS. In addition, 192 control subjects were chosen from the middle of the 

Framingham Heart Study (FHS) height distribution (height z scores between −0.7 and +0.7). 

More detailed description of the cohort is reported in Wang, et al. (Wang et al., 2013)

Second short stature patient cohort—216 patients were taken from the Genetics and 

Neuroendocrinology of Short Stature International Study (GeNeSIS), sponsored by Eli Lilly 

and Company and various pediatric endocrinology clinics in Jacksonville, FL and Santiago, 

Chili. Patients were diagnosed by the treating provider with idiopathic short stature and had 

height < −2 SD below the mean for age and sex.

FINRISK height extreme cohort—272 subjects were chosen from the extremes (<1st 

percentile or >99th percentile) of the FINRISK surveys (FINRISK 1992, FINRISK 1997, 

FINRISK 2002, FINRISK 2007) height distribution. The FINRISK cohorts comprise the 

respondents of representative, cross-sectional population surveys that are carried out every 5 

years since 1972, to assess the risk factors of chronic diseases and health behavior in the 

working age population, in five large study areas of Finland (Vartiainen et al., 2010).
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Estonian Biobank height extreme cohort—1000 subjects were selected from the 

extremes (<1.25th percentile or >98.75th percentile) of the Estonian Biobank height 

distribution. The Estonian Biobank cohort is a volunteer-based sample of the Estonian 

resident adult population (age ≥18 years). The age, sex and geographical distribution closely 

reflect those of the Estonian adult population and encompass close to 5% of the entire adult 

population of Estonia (Leitsalu et al., 2014).

Pooled sequencing protocol

For the first short stature cohort and the FINRISK and Estonian cohorts, DNA samples from 

multiple subjects were pooled for DNA sequencing using previously described methods 

available at the Broad Institute (Rivas et al., 2011). To identify variants present only in a 

single individual (hereafter referred to as singleton variants), we applied a simple 

overlapping pooling design as described in Wang, et al. (Wang et al., 2013).

Sequencing was performed on the Illumina HiSeq platform. Variant calling was performed 

using a likelihood-based calling strategy we developed as described previously (Wang et al., 

2013). Variants were annotated for functional effect using SnpEff 2.0.5 (http://

snpeff.sourceforge.net/). The reference sequence used for numbering nucleotide change and 

amino acid change was NM_003995.3 and ENSP00000341083. Nucleotide numbering uses 

+1 as the A of the ATG translation initiation codon in the reference sequence, with the 

initiation codon as codon 1.Variant allele frequency data was obtained from two publicly 

available databases: 1) Integrated variant call set of 1000 Genomes samples (Abecasis et al., 

2010) (May 2013 release); 2) National Heart, Lung, and Blood Institute Exome Variant 

Server (National Heart, Lung). Maximal allele frequency from the two sources was used. 

Novel variants are those not observed in either of these databases. Confirmation of variants 

found in NPR2 through pooled sequencing was done via Sanger sequencing or Sequenom 

MassArray genotyping. Each variant was sequenced in the proband and in all related family 

members for whom DNA samples were provided. Sanger sequencing of NPR2 was 

performed in the second short stature cohort. For details of all sequencing protocols, see the 

Supp. Methods. The variants reported have been submitted to http://www.lovd.nl/NPR2.

In silico prediction of mutation effects

To identify the potential effects of sequence variants identified in NPR2 on protein function 

or structure, the wild-type and variant sequences were assessed using PolyPhen-2 (software 

version 2.2.2, http://genetics.bwh.harvard.edu/pph2) (Ramensky et al., 2002). The options 

used were: Classifier model [HumDiv], Genome aseembly [GRCh37/hg19], Transcripts 

[CCDS], Annotations [All].

Assaying wild-type and mutant NPR2 activity

Missense mutations in NPR2 were generated by site-directed mutagenesis kit (Agilent 

Technologies) using the wild-type rat NPR2 expression construct pRK5-NPR-B. Activity in 

HEK 293T cells was measured by at least one of two assays, one on whole cell lysate and 

another enzyme based assay done on membrane fractions of transfected cells, as described 

elsewhere (Yoder et al., 2008; Robinson and Potter, 2011). For details of the assay, see the 

Supp. Methods. Variants showing loss of activity in vitro in either assay were characterized 
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as loss-of-function. Variants showing normal in vitro activity in the whole cell lysate assay 

were tested in the more sensitive enzyme based assay. Variants showing clear increases in 

activity in both assays were characterized as gain-of-function.

Results

Discovery of NPR2 variants in patients with short stature and controls using pooled 
sequencing

We selected 192 patients with short stature (more than 2 SD below the mean for age and 

sex) and 192 controls of matching ancestry from the middle of the Framingham Heart Study 

height distribution (height z scores between −0.7 and +0.7). Characteristics of the subjects 

were described previously (Wang et al., 2013); 104 subjects fit strict criteria for ISS with no 

evidence of growth hormone deficiency, significant medical comorbidity, developmental 

delay, or suspected syndromic cause for their short stature. Pooled targeted sequencing of 

the exons of 1077 candidate genes was performed (Wang et al., 2013). We detected 11 

variants in NPR2. Of these, two were synonymous SNPs found in multiple patients and 

controls, and two were synonymous variants found only in patients. We focused on the 

seven potential loss-of-function variants, which included one splice site and six missense 

variants, all found in patients only (Table 2). These seven variants were all validated via 

traditional Sanger sequencing and confirmed to be heterozygous in each individual carrier.

Family analyses and clinical phenotypes

The splice site mutation is c.1352-1G>A in a highly conserved base pair in the acceptor 

splice site at the 5’ end of exon 7, carried in a single patient (Patient 1, Table 2). Sanger 

sequencing of the proband, his parents, and a brother confirmed that the variant is found in 

the patient but not in his mother, father or brother. These results were confirmed by a second 

round of sequencing, and paternity was confirmed by SNP genotyping. There was no family 

history of short stature (Figure 1), consistent with the hypothesis that the de novo variant in 

NPR2 is contributing to short stature in this patient.

We also detected six missense variants in NPR2; of these, four were private variants not 

found in the public databases (Patients 2–5, Table 2). Sequencing of relatives demonstrated 

that three of these novel variants segregated with the short stature phenotype (Patients 2–4, 

Figure 1). The mother of Patient 5, who did not have short stature, did not carry the NPR2 

variant, but the father’s DNA was not available to further confirm the segregation. Of note, 

one of the three segregating variants (Patient 2) was found in a male patient who was also 

found to carry a known TRPV4 mutation (c.1858G>A (p.V620I)) previously reported as 

causal for brachyolmia type 3 (Rock et al., 2008). The patient carries a clinical diagnosis of 

brachyolmia and features consistent with this disease, including platyspondyly of the 

cervical spine. We previously reported the presence of this likely pathogenic variant in this 

patient (Wang et al., 2013). The NPR2 variant was present in the patient’s mother, who does 

not carry the TRPV4 variant, and in two sisters, the elder of which also carries the TRPV4 

variant. The mother and both sisters had short stature with height SDS scores below −2.5, 

and the sister carrying both variants had a height SDS score of −3.1. Notably the patient’s 

father is deceased but also was reported to have had short stature (−3.1 SDS) and 
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presumably carried the TRPV4 variant. Thus, this patient and one of his sisters inherited the 

NPR2 variant from his mother and the TRPV4 variant from his father, presumably resulting 

in severe short stature with skeletal dysplasia.

We also detected two rare missense variants present in the public databases (Patients 6–7). 

Neither of these variants has been reported to be pathogenic, and both are reported to be 

relatively rare (minor allele frequency 0.02% and 0.16%). The mother of Patient 6, who also 

had short stature, did not carry the NPR2 variant, but DNA was not available from the 

sibling or father for further segregation analysis. Patient 7 was adopted from China, so the 

family history of short stature was unknown and testing for segregation of the variant was 

not possible.

Discovery of NPR2 variants in one additional clinical short stature cohort

To further refine the estimate of the fraction of ISS individuals with functional NPR2 

variants, we screened for rare nonsynonymous NPR2 variants in a second short stature 

cohort (n=216) from the Lilly GeNeSIS Study and a number of pediatric endocrinology 

clinics. Patients were diagnosed by the treating provider with ISS and had height more than 

2 SD below the mean for age. The exons and intron/exon boundaries of the NPR2 gene were 

sequenced using Sanger sequencing.

Four nonsynonymous variants in the coding region were identified, one nonsense and three 

missense variants (Table 2). One of the missense variants (rs180950551: c.1802G>C 

(p.R601P)) was seen in three separate patients. An in silico analysis suggested that one 

variant (c.316G>T (p.A106S)) is benign and the other two (rs180950551: c.1802G>C 

(p.R601P) and rs114115939: c.1517G>A (p.R506H)) are probably damaging.

Screening for NPR2 mutations in population-based cohorts of individuals from the 
extremes of the height distribution

We then went on to screen for rare nonsynonymous NPR2 variants in two additional cohorts. 

The first cohort of individuals (n=272) was selected from the extremes (<1st percentile or 

>99th percentile) of height distribution from four FINRISK surveys (~33,000 samples in 

total). Pooled targeted sequencing of the exons of 1077 candidate genes was performed. We 

detected three variants in NPR2. Of these variants, one was a common synonymous SNP 

(observed in the short stature patients and FHS controls as well), which we did not pursue 

further. The other two were missense variants, which we validated by genotyping and 

confirmed to be heterozygous in tall extremes only (Table 3). Neither variant was found in 

the public databases. An in silico analysis suggested that one mutation is benign (c.739A>G 

(p.N247D)) and the other is probably damaging (c.1685G>A (p.R562Q)).

The second cohort of individuals (n=1,000) was taken from the extremes (<1.25th percentile 

or >98.75th percentile) of height distribution from the Estonian Biobank (~52,000 samples in 

total). Pooled targeted sequencing of the exons of four candidate genes was performed. As 

before, we did not attempt to validate or further evaluate the potential synonymous or 

intronic variants. One missense variant (c.739A>G (p.N247D)), previously identified in one 

FINRISK tall extreme sample, was observed in both tall extreme and short extreme samples. 
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The remaining three missense variants (Table 3) were each found in single short individuals. 

These allelic variants were not found in the public databases. An in silico analysis suggested 

that the three missense mutations are possibly damaging (c.2449G>A (p.E817K)), benign (c.

2338G>A (p.G780R)), and probably damaging (c.1982C>A (p.T661K)), respectively.

Functional characterization of NPR2 variants

Overall, across four cohorts, we observed and validated 16 NPR2 nonsynonymous variants 

(14 missense, 1 nonsense and 1 splice site), 14 in short stature samples, 1 in a tall extreme 

sample, 1 which was present in both short and tall extreme samples, and none in normal 

height controls (Table 4). To further examine the functional consequences of the identified 

NPR2 nonysnonymous variants, we assessed the CNP-dependent cGMP-producing 

capacities of the 14 missense variants by transfecting HEK 293T cells, which do not 

normally express NPR2, using at least one of two methods. Relative guanylyl cyclase 

activities (±SD) of these variants compared with wild type are listed in Table 5. The whole 

cell lysate method was less sensitive at detecting partial loss of function mutations. The de 

novo splice variant (c.1352-1G>A) and the nonsense variant (c.2710A>T (p.K904*)) were 

not tested and are presumed to be loss of function variants.

To characterize the variants as likely nonpathogenic, variants of unknown significance, and 

likely pathogenic, we considered both the functional results and the pattern of segregation in 

the families, where available. For the six missense variants identified in the first short stature 

patient cohort, three of them segregate with short stature (Patient 2–4). For the variants in 

Patient 2–4, we observed decreased functional activity in at least one of the assays, strongly 

suggesting that these are pathogenic variants. The variant from patient 4 also showed 

decreased expression by Western blot (Supp. Figure S1). For the variant in Patient 5, the 

segregation is unknown and the functional data are negative. The variant in Patient 7, a 

known rare population variant, also had unchanged functional activity. We conclude that 

these two variants are unlikely to be pathogenic. The variant in Patient 6, which showed a 

slight increase in activity in the whole cell lysate assay and decreased activity in the enzyme 

based assay, was characterized as variant of unknown significance. Interestingly, three of the 

pathogenic variants were found amongst the 22 cases of familial ISS thus providing a 

diagnostic yield of 13.6%. However, only a single pathogenic variant, the de novo variant, 

was found amongst the 77 cases of non-familial ISS leading to a much lower diagnostic 

yield of 1.3%.

One of three missense variants in the second clinical short stature cohort (rs114115939: c.

1517G>A (p.R506H)) decreased NPR-B activity likely secondary to decreased expression of 

the mutated receptor as seen on Western blot (Supp. Figure S1). Two out of three missense 

variants in the Estonian short extremes decreased NPR-B activity (c.2449G>A (p.E817K) 

and c.1982C>A (p.T661K)). Interestingly, one of two missense variants identified in 

FINRISK tall extremes showed increased NPR-B activity in both assays (c.1685G>A 

(p.R562Q)), strongly suggesting this is a gain of function variant contributing to the 

individuals’ tall stature. The second variant, which showed increased NPR-B activity only in 

the whole cell lysate assay, was also observed in Estonian short extreme samples, making it 

even less likely to be pathogenic.
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Verifying the role of heterozygous functional NPR2 variants in ISS individuals

To test formally whether there are more loss of function NPR2 variants in short stature 

individuals than in controls without short stature, we combined observations from the three 

cohorts that have control samples (in other words, excluding the second clinical short stature 

cohort), considering validated variants seen either only in cases or only in controls. In total, 

there are six likely loss-of-function mutations (five missense and one splice site) based on 

segregation and functional evidence, all observed in short samples, and one gain-of-function 

mutation in tall samples. Assuming that all variants are equally likely to occur in short 

stature samples and tall extreme samples (or control samples of normal height) under the 

null hypothesis, this observation gives a p value of 0.008 (one-tailed test, p value is the 

probability of the observed outcome i.e. 6:0 plus 0:1 and all more extreme). The estimated 

prevalence of loss of function NPR2 variants in ISS individuals ranged from 1/26 to 0, and 

no variants were observed in the cohort of 136 short individuals from Finland (Table 6).

Discussion

To explore the role of NPR2 variation in short stature, we screened for nonsynonymous 

NPR2 variants in four different cohorts (Table 4). Familial segregation analyses in the short 

stature patient cohort supported the hypothesis that rare heterozygous NPR2 loss of function 

variants contribute strongly to short stature in individuals carrying these variants. We also 

identified rare nonsynonymous NPR2 variants in three additional cohorts, where family data 

are not available. Functional studies of the NPR2 missense variants identified eight loss-of-

function mutations in short stature samples and one gain-of-function mutation in tall stature 

samples. The frequencies of heterozygous mutation carriers in ISS individuals varied across 

cohorts from 1/26 to 0, and no variants were observed in the short individuals from Finland. 

This variability may be due to different ancestries, variable sample selection criteria, and 

statistical fluctuation. Of note, for the second short stature cohort, coverage was not 100% 

for 5 out of 22 exons and exon 3 was not evaluated. This can reduce the observed frequency 

of allelic variants found in this group of patients.

In contrast with homozygous mutations in NPR2, which produces a severe short stature and 

body disproportion, heterozygous mutations in NPR2 seem to be associated with mild and 

variable growth impairment without a distinct skeletal phenotype. In our studies, the severity 

of short stature, body proportions, and presence of nonspecific skeletal abnormalities varied 

across individuals (Supp. Table S1), consistent with previous observations (Olney et al., 

2006; Vasques et al., 2013). This variability is likely due to differences in the nature of 

NPR2 mutations carried by the individuals, as well as variable expressivity. Data was 

available on growth hormone response in three of our patients with pathogenic NPR2 

variants and response was quite variable (Supp. Figures S2–S4).

Previously, a study of 47 Brazilian patients identified heterozygous NPR2 mutations in 6% 

of patients (Vasques et al., 2013), while another study on 101 short stature Japanese patients 

identified mutations in 2% of patients (Amano et al., 2014). Functional analyses were 

performed in both studies to evaluate the pathogenicity and elucidate the molecular 

mechanisms of the identified mutations. However, both studies included small numbers of 

patients and lacked the controls needed to formally show an enrichment of loss of function 
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variants in ISS patients. Our study, including much larger cohorts, controls, family data, and 

functional analyses, is a more comprehensive assessment of heterozygous mutations in 

NPR2 as a potential cause of growth impairment in ISS patients.

Our study does show that different methods of analyzing the function of NPR2 variants can 

produce different results. The whole cell lysate method under the conditions specified is less 

sensitive at detecting partial loss of function mutations compared to a more rigorous enzyme 

based assay conducted on membrane fractions of transfected cells using known 

concentrations of substrate. However, the enzyme based assay is performed in crude 

membranes from broken cell preparations and cannot evaluate the ability of the mutations to 

affect the concentrations of the receptors that are properly targeted to the cell surface. 

Therefore, mutations that reduce activity in the enzyme assay are likely to be damaging but 

this assay may not detect mutations that reduce activity due to inappropriate plasma 

membrane targeting or mutations that affect receptor degradation.

The functional assays used do have limitations. Although the rat NPR2 construct is >98% 

identical to human NPR2 and identical at each of the amino acids mutated in this study, 

there remains the possibility that non-identical residues located near mutant residues could 

affect protein function. In addition, the assays do not provide mechanistic data for why these 

heterozygous mutations reduced NPR2 function. Neither assay is able to differentiate 

between loss-of-function due to haploinsuffiency and loss of function due to dominant 

negative effect of the mutant allele.

The frequency of heterozygous carriers of AMDM mutations was previously estimated to be 

about 0.14% (Olney et al., 2006). In the NHLBI Exome Sequencing Project, the cumulative 

frequency of all nonsynonymous NPR2 variants is approximately 0.4% in ~4000 European 

American samples. The discrepancy between these two allele frequencies highlights the 

importance of functional studies, which can help distinguish neutral background variants 

from true loss of function variants. In our study, out of 14 rare nonsynonymous NPR2 

variants that were functionally tested, only 6 showed decreased functional activity. Although 

the variants with no in vitro functional consequences may still contribute to short stature, our 

in vitro findings are consistent with the 3-fold higher frequency of nonsynonymous variants 

in the population database compared with expectation based on estimated AMDM carrier 

rates.

Despite the rarity of AMDM mutations (and nonsynonymous NPR2 variants in general), 

these loss-of-function alleles likely have relatively large effect sizes (loss-of-function alleles 

were previously estimated to reduce height by ~1.8 SD (Olney et al., 2006)). Assuming an 

effect size of 1.8 SD and a cumulative population allele frequency of 0.14%, these 

maximum-likelihood estimates predict that ~2.6% of individuals with height below −2 SD 

would have a loss of function NPR2 variant and that ~4.2% of individuals with height below 

the 1st percentile would carry such a variant. These estimates are somewhat higher than our 

empirical findings in the two clinical short stature cohorts combined (1.9%), and also 

substantially higher than our estimates from the Finnish and Estonia cohorts (0.3% of 

individuals below the ~1st percentile), suggesting that the effect size or the population allele 

frequencies previously estimated for loss-of-function NPR2 variants are inflated. The higher 
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reported rates of NPR2 mutations in previous studies (Vasques et al., 2013; Amano et al., 

2014) could also be due to population differences, or more stringent selection criteria in 

earlier studies that made it more likely to ascertain individuals carrying NPR2 loss of 

function mutations (such as high rates of familial short stature). Interestingly, we also 

identified one gain-of-function NPR2 variant in tall extremes of FINRISK height 

distribution, suggesting NPR2 gain of function may be a more common cause of tall stature 

than previously recognized.

AMDM patients have been posited to have an abnormality in the GH/IGF-1 system, 

characterized by low insulin-like growth factor 1 (IGF-1; MIM# 147440) levels, high 

growth hormone (GH) levels, and lack of a response to GH treatment (Olney et al., 2006). 

However, IGF-1 levels were not low in either the carriers of AMDM mutations (Olney et al., 

2006; Vasques et al., 2013; Amano et al., 2014) or in the subjects in our cohort with loss of 

function mutations for whom data were available. Larger prospective studies are needed to 

determine whether heterozygous carriers of clearly pathogenic NPR2 variants will respond 

to growth hormone. Regardless, NPR2 loss-of-function variants likely account for 

approximately 0.4–4% of all patients with short stature (height < −2 SD), and should be 

considered in the diagnostic evaluation of patients presenting with ISS. Interestingly, we 

identified NPR2 loss-of-function variants in 13.6% of familial cases, suggesting that such 

variants will provide a frequent explanation for patients with familial ISS.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Segregation of identified NPR2 nonsynonymous variants in affected families
Numbers below the individuals denote the height z scores. + indicates family members who 

also carry the TRPV4 mutation causal of brachyolmia. ^ indicates that this family member 

was treated with growth hormone therapy prior to this height measurement and had a nadir 

height of −2.8 SDS. * indicates that the height was estimated by a family member. All other 

values were measured. Individuals with short stature are indicated as black circles (females) 

or squares (males). The arrow points to the affected proband in each family.
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Table 1

Summary of recent studies searching for heterozygous NPR2 mutations in cohorts with ISS

Cohort # of functional
NPR2 variants

# of ISS
individuals

Fraction of ISS individuals
with functional NPR2 variants

Reference

Brazilian patients with ISS 3 47 6% (Vasques et al. 2013)

Japanese patients with short stature 2 101 2% (Amano et al. 2014)
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Table 3

NPR2 potentially nonsynonymous variants in FINRISK and Estonian Biobank height extreme samples

Variant Observation Minor Allele
Frequency

PolyPhen2
Prediction

c.739A>G (p.N247D) FINRISK tall extreme (also observed in Estonian tall extreme and short extreme) Novel 0.002

c.1685G>A (p.R562Q) FINRISK tall extreme Novel 0.995

c.2449G>A (p.E817K) Estonian short extreme Novel 0.609

c.2338G>A (p.G780R) Estonian short extreme Novel 0.013

c.1982C>A (p.T661K) Estonian short extreme Novel 0.999

GenBank reference sequence used for NPR2 is NM_003995.3.
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Table 4

Observation of NPR2 nonsynonymous variants in four cohorts

Cohort Observation of
nonsynonymous variants

Note

Short stature patients and 
FHS controls

7 variants in 192 short stature patients
0 variant in 192 FHS controls

Patient 1: de novo mutation
Patients 2–4: all heterozygous relatives had short stature (height 
SDS < −2)
Patient 5: variant not present in average height mother and father’s 
DNA unavailable
Patient 6: variant not present in short mother and father’s DNA 
unavailable
Patient 7: no family data available

Second short stature cohort 4 variants in 216 short stature patients No control samples

Extremes of FINRISK height 
distribution

0 variant in 136 short extremes
2 variants in 136 tall extremes

No family data available

Extremes of Estonian 
Biobank height distribution

3 variants in 500 short extremes
0 variant in 500 tall extremes

No family data available
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Table 6

Fraction of ISS individuals with clearly functional NPR2 variants

Cohort # of functional
NPR2 variants

# of ISS
individuals

Fraction of ISS individuals with
functional NPR2 variants

Short stature patients and FHS controls 4 104 1/26

Second short stature cohort 2 216 1/108

Extremes of FINRISK height distribution 0 136 0

Extremes of Estonian Biobank height distribution 2 500 1/250
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