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Identification and functional analysis of NPR2 2
truncating mutations in two Chinese families
with short stature
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Abstract

Background The signaling pathway of C-type natriuretic peptide (CNP) and its receptor (natriuretic peptide receptor
2,NPR2) is implicated in the process of endochondral ossification, which is crucial for the linear growth of long bones.
Loss-of-function mutations in the NPR2 gene cause short stature. This study aimed to identify and characterize
truncating mutations in NPR2 among Chinese families with short stature.

Methods \Whole-exome sequencing and Sanger sequencing were conducted to identify potential mutations.
Bioinformatic analysis was utilized to assess the pathogenicity of two mutations. The effects of candidate mutation on
gene expression, subcellular localization, protein stability, and protein function were further assessed through in vitro
assays.

Results In this study, A novel mutation, c.2629_2630delAG, p.5877Hfs*10 and a previously reported mutation,
c.1162 C>T, p.R388* (ClinVar database) in NPR2, were identified in the individuals, and these variants were inherited
from the mother and father, respectively. Both mutations were predicted to be deleterious and have a significant
impact on protein structure based on bioinformatics analysis. In vitro experiments demonstrated that mutant
MRNAs evaded nonsense-mediated mMRNA decay (NMD) to produce truncated NPR2 proteins with reduced stability
and increased degradation. Furthermore, two truncated NPR2 proteins exhibited impaired localization at the cell
membrane and severely reduced ability to stimulate cyclic guanosine monophosphate (cGMP) production in
HEK293T cells compared to wild-type (WT) NPR2 (p < 0.05).

Conclusion Our study identified two loss-of-function mutations of the NPR2 gene in two Chinese families and
offered new insights on the pathogenesis of short stature caused by NPR2 truncating mutations.
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Introduction

Short stature (SS) is defined as a height that is at least
two standard deviations (SD) below the mean for a spe-
cific population after adjusting for age and gender [1].
Approximately 80% of the variation in human height
is explained by heritable factors and relatively rare sin-
gle-gene mutations are involved with larger effects on
stature [2, 3]. With the advancement of genetic testing
technology, more and more genetic mutations associ-
ated with short stature have been detected. In a large
short stature cohort, 361 mutations distributed across
111 genes were identified in 814 patients through next-
generation sequencing (NGS) [4]. Moreover, in another
similar study, 135 single-gene mutations were found
in 561 patients with short stature by exome sequencing
(ES) [5]. These mutated genes mainly affect four principal
physiological processes related to short stature, namely
endochondral ossification-related signaling pathways,
including hormonal signaling, paracrine signaling, regu-
lation of the cartilage extracellular matrix, and essential
cellular processes [6]. The natriuretic peptide receptor 2
(NPR2) is a key player in the paracrine signaling pathway,
and mutations in NPR2 significantly impact stature.

The NPR2 gene is located at 9pl3.3, including 22
exons, with a total length of approximately 16.5 kb
and a full mRNA length of about 3000 bp. The NPR2,
encoded by the NPR2 gene, acts as a transmembrane
guanylyl cyclases and comprises four essential domains:
an extracellular ligand-binding domain (ECD), a trans-
membrane domain, an intracellular kinase homology
domain (KHD), and a guanylyl cyclase (GC) domain [7].
Physiologically active NPR2 exists as a homodimer that
increases the expression of cyclic guanosine monophos-
phate (cGMP) upon binding to its ligand, C-type natri-
uretic peptide (CNP). The CNP/NPR2/cGMP signaling
pathway plays a crucial role in the proliferation and dif-
ferentiation of chondrocytes, thereby facilitating the
endochondral ossification process, which is accountable
for the longitudinal growth in limbs and vertebrae [8,
9]. Takehito et al. demonstrated that NPR2 gene mouse
knockout displays decreased body size, reduced chon-
drocyte population, and diminished chondrocyte prolif-
eration activity [10]. In humans, biallelic loss-of-function
mutations in the NPR2 gene result in a skeletal dyspla-
sia known as acromesomelic dysplasia type Maroteaux
(AMDM), which is characterized by extremely short and
disproportionate stature [11]. In contrast, heterozygous
mutations in the NPR2 gene lead to a milder phenotype,
manifesting as progressive short stature with a gradual
reduction in height potential over time [12]. The mech-
anism by which NPR2 mutations result in short stature
is not entirely clear [13]. Some short stature associated
NPR2 mutations may result in abnormal protein traffick-
ing to the cell membrane, reduced CNP binding affinity
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for receptors, or inhibition of NPR2 activity [9]. However,
these few studies have almost exclusively focussed on
NPR2 missense mutation and very few have investigated
truncating mutations of NPR2.

This study identified two heterozygous truncating
mutations (c.1162 C> T, p.R388* and ¢.2629_2630delAG,
p.S877Hfs*10) in the NPR2 gene within two families
through whole exome sequencing (WES). To further
understand the pathogenesis of short stature caused by
NPR2 truncating mutations, the bioinformatics analy-
sis and in vitro functional approaches were performed
to investigate the impact of truncating mutations on the
expression, stability, subcellular localization and function
of NPR2 protein.

Patients and methods

Patients

The patients, who originated from the Department of
Endocrinology, Genetics and Metabolism at the Affili-
ated Hospital of Jining Medical University, sought medi-
cal attention because of their short stature. The Affiliated
Hospital of Economics and Medical Sciences Ethics Com-
mittee approved the study. Written informed consent
was obtained from all participants or their guardians.

Clinical evaluations

Clinical evaluation encompassed anthropometric, labo-
ratory, and imaging assessments. Height and weight were
precisely measured using a stadiometer (+0.1 cm) and an
electronic scale (+0.1 kg). Height and weight SDS were
derived from standard Chinese children’s data [14]. Body
mass index (BMI) was calculated as weight in kilograms
divided by the square of height in meters. Genetic target
height was calculated as follows: genetic target height =
(paternal height+ maternal height)/2+6.5 cm [15]. Peak
growth hormone (GH) was identified through levodopa
and insulin hypoglycemic tests. Serum GH was quan-
tified by chemiluminescence (Beckman Coulter, USA;
sensitivity: 0.010 pg/L). IGF-1 levels, determined by che-
miluminescence immunoassay (SIEMENS, Germany;
CVs: 3.0% internal, 6.2% external), were normalized to
SDS based on healthy peers’ data [16]. Bone age (BA) was
assessed using the Greulich-Pyle (GP) method on non-
dominant hand X-rays [17].

Genetic testing

Two milliliters of peripheral blood were collected from
the patient and other family members, and genomic
DNA was extracted using the Blood DNA Midi Kit
(D3494-04, Omega BioTek, GA, USA). Whole exome
sequencing (WES) was conducted with AgilentSureSe-
lect V6 for coding exonic sequence enrichment (Agilent
Technologies, CA, USA), followed by sequencing on
BGISEQ-500 (BGI, Shenzhen, China) achieving 100 x
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coverage via paired-end sequencing. Post-sequencing,
clean reads were aligned to the GRCh37/hgl9 genome
assembly using BWA (v0.7.15). Variant calling identi-
fied SNPs and InDels via GATK’s HaplotypeCaller (v3.7),
with data annotated using ANNOVAR. Target bases had
a median coverage of 147x, with 99% >10x. Rare non-
synonymous variants were selected, excluding common
polymorphisms with MAF>0.1% in populations, ref-
erencing 1000 Genomes Project, gnomAD, and ExAC.
Mutations’ pathogenicity was classified per ACMG-AMP
guidelines [18].

Bioinformatic analysis

Multiple sequence alignment was performed to confirm
the conservation of mutated amino acid residues. The
schematic diagram of the NPR2 protein structure was
constructed using Adobe Illustrator (AI) to understand
the mutations’ location, and the approximate mutation
site was identified in red. Furthermore, three-dimen-
sional (3D) modeling of wild-type (WT) and mutant
NPR2 proteins was achieved from the AlphaFold Pro-
tein Structure Database (https://alphafold.ebi.ac.uk/),
and PyMOL Viewer was used to visualize the effect of
the mutation on the spatial configuration of the NPR2
protein.

Construction of NPR2 lentivirus

WT and mutant NPR2-overexpression lentivirus and
empty vector (EV) lentivirus were obtained from Shang-
hai GeneChem Co., Ltd. The human WT and mutant
NPR2 gene sequences were inserted into the GV208-Flag
expression vector. The vector carries the Green fluores-
cent protein (GFP) gene for visualization and the puro-
mycin resistance gene for selection. The constructs were
transfected into the HEK293T packaging cells to produce
NPR2 lentivirus.

Transfection and generation of stable cell lines

HEK293T cell line was obtained from Shanghai Chinese
Academy of Sciences cell bank (Shanghai, China). The
cells were cultured in high-glucose DMEM (Gibco, USA)
with 10% FBS (ExCell, China) at 37 °C in a humidified
atmosphere containing 5% CO2. Before transfection, the
cells were seeded in six-well plates and transfected with
empty vector and NPR2 (WT and mutant) lentivirus at a
MOI =5 when they reached approximately 60-80% con-
fluency. Empty vector lentivirus was used as a negative
control for the experiments. Transfection was performed
using HitransG P (GeneChem, China) as recommended.

Table 1 Primer sequences for amplifying NPR2 and GAPDH gene
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After 8 h, the transfection medium was replaced with a
complete medium. Stable cell lines were generated by
selecting all stable cells using puromycin (MCE, USA) at
a final concentration of 5 ug/mL after 48 h.

RNA extraction and quantitative real-time PCR (qPCR)
analyses

Total RNA was isolated using TRIzol (Ambion, USA),
and then subjected to reverse transcription to generate
¢DNA employing HiScript III RT SuperMix for qPCR
(Vazyme, China). Quantitative PCRs were prepared with
Taq Pro Universal SYBR qPCR Master Mix (Vazyme,
China) and performed on an ABI QuantStudio5 Q5
detection system. Relative mRNA expression levels were
quantified by the 2724¢T method. Experiments were per-
formed in triplicate and GAPDH was used as an inter-
nal control. Primers were designed by Primer Premier 6,
synthesized by the Sangon Biotech Company (Shanghai,
China), and listed in Table 1.

Western blot and protein stability analysis

Stably transfected HEK293T cells were seeded in six-
well plates and cultured for 24 h. Total cell proteins were
extracted using Radioimmunoprecipitation assay (RIPA)
buffer. For the NPR2 protein stability test, stably trans-
fected cells were treated with 20uM MG132 (MCE, USA),
and whole cell proteins were collected and extracted at
different time points (0, 12, 24 h) post-MG132 treat-
ment. The BCA Protein Assay kit (Beyotime, China) was
utilized to measure protein concentration. The proteins
(40 pg) were separated by 7.5% sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene fluoride (PVDF) membranes (Millipore,
USA). The membranes were blocked with TBS-T con-
taining 5% non-fat milk for 1 h at room temperature, fol-
lowed by overnight incubation with primary antibodies
against Flag (1:1000, Sigma), actin (1:7500, ProteinTech),
and GAPDH (1: 5000, Cell Signaling Technology) at 4 °C.
After three washes with TBS-T, the membranes were
incubated with secondary antibodies for 1 h at room
temperature. Finally, the membranes were subjected to
three additional washes and developed using the Super-
Pico ECL chemiluminescence Kit (Vazyme, China) and
Tanon 5800 Imaging System (Tanon, China).

Subcellular localization analysis of mutant NPR2 protein

Immunofluorescence and western blot determined the
location of the corresponding proteins. Stably transfected
HEK293T cells were seeded in six-well plates and fixed

Target gene

Forward primer (5’-3)

Reverse primer (5’-3)

Human NPR2
Human GAPDH

ACCTCATCGCTGGCTGCTTCTA
ACAACTTTGGTATCGTGGAAGG

CCCGTCCACCAAATCTGCTTCT
GCCATCACGCCACAGTTTC
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with 4% paraformaldehyde for 20 min. Subsequently,
the cells were permeabilized with 0.5% Triton X-100 for
10 min, followed by blocking in 5% BSA (Solarbio, China)
for 1 h. Immunostaining was performed using an Anti-
Flag primary antibody (1:100, Proteintech, China) at
37 °C for 2 h. CoraLite594-conjugated Goat Anti-Mouse
IgG (H+L) secondary antibodies (Proteintech, China)
were applied at a dilution of 1:500 at room temperature
for 1 h. Finally, the cells were counterstained with DAPI
(Beyotime, China) to visualize the nucleus before observ-
ing protein localization using a confocal microscope
(LSM800, Carl Zeiss, Germany).

The plasma membrane protein isolation kit (Beyo-
time, China) was employed to obtain cell membrane and
cytoplasmic proteins. Protein extracts were subjected to
electrophoresis and subsequent blotting as previously
described. Actin (1:7500, ProteinTech) was used as an
internal control for cytoplasmic proteins, while ATP1A1
(1:1000, Affinity) was used as an internal control for cell
surface membrane proteins.

Enzyme-linked immunosorbent assay (ELISA)

Stably transfected HEK293T cells were seeded into
6-well plates, and incubated with 100 nM CNP (CNP-22,
MCE, USA) in serum-free DMEM for 30 min at 37°C.
Subsequently, the endogenous phosphodiesterase activ-
ity was inhibited by adding 0.1 M HCl to stabilize cGMP.
The cGMP levels in cell lysates were measured using the
cGMP Complete ELISA kit (ENZO Life Sciences, Madi-
son Avenue, NY, USA).

Table 2 Clinical characteristic of patients with NPR2 gene

mutation

Variable Patient 1 Patient 2
Age (years) 10.3 4.7

BA (years) 99 25

Birth length (cm) 50.0 500

Birth weight (kg) 34 3.1

Height (cm/SDS) 125.0/-2.71 97.7/-2.38
weight (kg/SDS) 25.0/-1.30 15.0/-1.23
BMI (kg/m?) 16 15.71
Sitting height/height (ratio) 0.58 0.56

arm span /Height (ratio) 1.00 0.94
Father's height (cm/SDS) 160.0/-2.12 168.0/-1.68
Mother’s height (cm/SDS) 151.0/-0.78 149.0/-2.06
Genetic target height (cm/SDS) 162.0/-1.78 165.0/-1.28
GH peak (ng/mL) [Levodopa test] 8.60 10.31

GH peak (ng/mL) [Insulin test] 8.56

IGF-1 (ng/mL) 250 1176
IGF-1 SDS -3.83 0.25
IGFBP-3 (ng/mL) 252 3.10

Final adult height (cm/SDS) 156.0/-2.78 -/-

BA, bone age; SDS, standard deviation score; BMI,body mass index; GH, growth
hormone; IGF-1, insulin-like growth factor 1; IGFBP-3, insulin-like growth factor
binding protein 3
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Statistical analysis

The values are expressed as the mean +standard devia-
tion (SD). All data were analyzed using GraphPad Prism
9.0 software. Statistical analysis was performed by one-
way ANOVA when more than two groups were com-
pared. A statistical difference was considered when the
p-value was less than 0.05.

Results

Clinical features

Patient 1, a 10.3-year-old boy, was admitted to the hos-
pital due to short stature. On admission, his height and
weight were 125.0 cm (-2.71 SDS) and 25.0 kg (-1.30
SDS), respectively, with a sitting height/height ratio of
0.58 and an arm span/ height ratio of 1.0. His bone age
(BA) was 9.9 years. The patient was born at full term with
a birth weight of 3.4 kg and a birth length of 50 cm. The
patient’s father was 160.0 cm (-2.12 SDS) and his mother
was 151 cm (-1.68 SDS) in height and his genetic target
height is 162.0 cm (-1.78 SDS). Additionally, the serum
IGF-1 level of the patient was low (-3.83 SDS), and peak
GH levels on two stimulation tests were below 10.0 ng/
mL. The patient underwent recombinant human growth
hormone (rhGH) for up to 5 months following the initial
visit. Approximately 2 years later, he received rhGH ther-
apy once again for up to 6 months. At the end of treat-
ment, the patient’s height was 139.9 cm (-3.08 SDS), an
increase of 12.1 cm from the first visit. The patient has
not received rhGH therapy since then and was followed
up to adulthood, with a final height of 156.0 cm (-2.78
SDS) (Table 2).

Patient 2 was admitted to the hospital at 4.7 years old
for short stature. At that time, his height was 97.7 cm
(-2.38 SDS) and his weight was 15.0 kg (-1.23 SDS). He
has severely delayed bone age (2.5 years). The patient was
born at full-term and had a normal birth weight (3.1 kg)
and birth length (50.0 cm). The patient’s sitting height/
height ratio is 0.56 and arm span/height ratio is 0.94. His
father’s and mother’s height were 168.0 cm (-0.78 SDS)
and 149.0 cm (-2.06 SDS), respectively. The genetic tar-
get height of the patient is 165.0 cm (-1.28 SDS). The
patient’s GH Peak, serum IGF-1, and IGFBP-3 levels were
normal. The patient did not receive rhGH treatment and
was monitored until 15 when his height was recorded as
153.0 cm (-2.58 SDS) (Table 2).

Genetic analysis

Whole exome sequencing (WES) and Sanger sequenc-
ing revealed that patient 1 carried a heterozygous non-
sense mutation (c.1162 C>T, p.R388*) in the NPR2
gene, which was inherited from the father (Fig. 1A). A
heterozygous frameshift mutation of the NPR2 gene
(c.2629_2630delAG, p.S877Hfs*10) was identified in
patient 2 and was inherited from the mother (Fig. 1B).
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Fig. 1 Pedigree and Sanger sequencing of the patients. Pedigree and Sanger sequencing results of Patient 1 (A) and Patients 2 (B)

Both mutations result in premature termination of pro-
tein translation and form truncated NPR2 proteins, and
they were referred to as truncating mutations. In addi-
tion, the p.R388* mutation has been reported to the Clin-
Var database (VCV000017787.9), but the p.S877Hfs*10
mutation has not been previously reported. This
p.S877Hfs*10 mutation was classified as “pathogenic”
(PVS1+PM2+PM4 +PP1+PP4) following the ACMG/
AMP guideline and has been submitted to the ClinVar
database (VCV003366928.1).

Bioinformatic analysis

The two mutations, p.R388* and p.S877Hfs*10, occur in
the ligand-binding domain (ECD) and guanylyl cyclase
(GC) domains of the NPR2 protein, respectively (Fig. 2A).
Conservation analysis showed that the target amino acid
for mutation is highly conserved among different species
(Fig. 2B). Three-dimensional (3D) structure prediction
of the wild-type (WT) and mutant NPR2 proteins using
Alphafold and Pymol software, revealed that the NPR2

mutant proteins were truncated with an altered spatial
conformation (Fig. 2C, D).

Expression and protein stability of wild type (WT) and
mutant NPR2 proteins

The qRT-PCR results revealed a significant increase
in mRNA levels of mutant NPR2 compared to the WT
(Fig. 3A). The Western blot analysis showed that the WT
NPR2 protein band was approximately 115 kD, whereas
two mutations (p.R388* and p.S877Hfs*10) produced
two truncated NPR2 protein bands at approximately 43
kD and 98 kD, respectively. Notably, the expression of
the truncated NPR2 proteins was significantly lower than
that of the WT (Fig. 3B).

The high transcript levels and low protein expression
suggest that both mutant proteins may be degraded in
HEK293T cells. To study further, the stability of both
WT and mutant NPR2 proteins were investigate using
MG132. MG132 is an inhibitor of the proteasome and
was used to inhibit protein degradation. After 12 h of
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Fig. 2 Bioinformatics analysis was conducted on two NPR2 mutations. (A) The schematic diagram illustrates the domain structure of the NPR2 protein
and the locations of two mutations. (B) A conservative analysis was performed on amino acid residues in the NPR2 protein across different species, high-
lighting the 388th and 877th amino acids R (arginine) and S (serine) in red. (C, D) Alphafold and Pymol software were used to predict the 3D structures
of both WT and mutant (p.R388* & p.S877Hfs*10) NPR2 proteins. Arrows on the protein illustration indicate positions of affected amino acid residues in
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Fig. 3 Impact of NPR2 mutations (p.R388* and p.5877Hfs*10) on their expression and stability in HEK293T cells. (A) Relative quantitative analysis of mMRNA
levels of WT and mutant NPR2 by qRT-PCR; (B) Expression of WT and mutant NPR2 proteins by Western blot; (C) The impact of MG132 treatment for dif-
ferent durations on the stability of NPR2 protein was assessed by Western blot. WT: wild type; h: hour/hours; ****p <0.0001

MG132 treatment, we observed that the level of WT
NPR2 protein remained unchanged, whereas the level of
mutant NPR2 protein increased (Fig. 3C). These findings
indicate reduced stability and increased degradation of
the truncated NPR2 proteins.

Subcellular localization of wild-type (WT) and mutant
NPR2

Immunofluorescence analysis revealed that the WT
NPR2 protein displayed a dense distribution on the
cell surface with well-defined cell boundaries. In con-
trast, mutant NPR2 proteins were predominantly local-
ized in the cytoplasm rather than on the cell membrane
(Fig. 4A). To further confirm the subcellular localization
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Fig.5 Impact of NPR2 mutations (p.R388* and p.5877Hfs*10) on its ability
to stimulate cyclic guanosine monophosphate (cGMP) production in the
HEK293T cells. The cGMP production in cells overexpressing NPR2 (wild
type or mutants) was measured following C-type natriuretic peptide-22
(CNP-22) stimulation using Enzyme-Linked Immunosorbent Assay (ELISA).
WT: wild type. EV: empty vector. **p < 0.01, ***p <0.001

of mutant NPR2 proteins, distinct fractions of the cell
membrane and cytoplasmic proteins were isolated and
subjected to western blot analysis. The results indicated
that mutant NPR2 proteins were detected primarily in
the cytoplasmic fraction and minimally in the cell mem-
brane fraction (Fig. 4B). These findings indicate that the
p-R388* and p.S877Hfs*10 mutations result in impaired
localization of the NPR2 protein to the cell membrane.

Functional analysis of wild-type (WT) and mutant NPR2

To evaluate the impact of mutations on NPR2 pro-
tein function, we measured cGMP levels in HEK293T
cells after 100nM CNP-22 stimulation. The produc-
tion of cGMP was significantly lower in cells expressing
mutant NPR2 compared to those expressing WT NPR2
(Fig. 5). These findings indicate that both p.R388* and
p-S877Hfs*10 mutations result in a greatly reduced func-
tion for NPR2 proteins in generating cGMP upon CNP
stimulation.

Discussion

In the present study, we identified two NPR2 truncating
mutations (c.1162 C> T, p.R388* and ¢.2629_2630delAG,
p.S877Hfs*10) in two Chinese boys that co-segregated
with short stature in the family. Our cellular assays
revealed that the truncating mutations escaped non-
sense-mediated mRNA decay (NMD), producing a trun-
cated protein but with reduced stability. Furthermore,
the truncated NPR2 protein exhibited abnormal intra-
cellular localization, and could not be transferred to the
cell membrane, resulting in a significant diminution of
signal transduction functionality. These findings con-
tribute valuable insights into the pathogenic mechanism
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underlying short stature resulting from NPR2 truncating
mutations.

A multitude of genes play critical roles in modulat-
ing signaling pathways associated with bone growth. the
WFS1 genes is involved in the growth hormone signaling
pathway [19, 20], PTPN11 is associated with essential cel-
lular processes signaling pathways, ACAN participates in
the cartilage extracellular matrix signaling pathway, and
NPR2 is implicated in paracrine signaling pathways [6].
As a key gene in the paracrine signaling pathway, NPR2
regulates skeletal growth by stimulating cyclic guano-
sine monophosphate (cGMP) production upon binding
to its ligand (CNP) [21]. This study identified two trun-
cating mutations in the NPR2 gene, inherited from the
father and the mother, respectively. The p.R388* muta-
tion may cause the NPR2 polypeptide to terminate at
the codon 388 amino acid, causing truncated protein to
form. Another mutation, p.S877Hfs*10, causes an amino
acid substitution at position 877 (p.S877H) followed by
10 new amino acids before a stop codon occurs to ter-
minate the NPR2 protein prematurely. Both mutations
were detected by WES confirmed by Sanger sequencing.
WES offers a dependable and cost-effective approach for
identifying mutations within the exon regions of genes
[22]. However, when comprehensive genomic informa-
tion from noncoding regions is required, whole genome
sequencing (WGS) becomes necessary. WGS boasts a
broader detection spectrum, enabling the identifica-
tion of mutations in both coding and noncoding regions,
thereby detecting a greater number of genes compared to
WES [23].

Bioinformatics approaches were performed to pre-
dict the potential impacts of these two mutations on the
structure and function of the NPR2 protein. Both muta-
tions affect amino acids that are highly conserved across
different species, indicating that the mutations of those
amino acids have more significant impacts on the struc-
ture and function of the NPR2 protein [24]. The p.R388*
mutation was located in the extracellular ligand-binding
domain (ECD) of the NPR2 protein, not only potentially
influencing its binding to the receptor CNP but also
resulting in the deletion of the remaining three domains
(the transmembrane domain, the KHD, and the GC
domain). We hypothesize that CNP hardly stimulates
this mutant NPR2 to generate cGMP. Another mutation,
p.S877Hfs*10, emerges in the GC domain, undermining
the integrity of this crucial domain and guanylate cyclase
activity. This mutation might confer normal binding
affinity with CNP, yet will severely impact cGMP produc-
tion [25].

In this study, the pathogenicity and pathogenesis of the
two truncating mutations were investigated in HEK293T
cells. Both mutations lead to premature termination
of the mRNA sequences, resulting in the production
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of truncated proteins. Normally, prematurely termi-
nated mRNAs are subject to degradation by nonsense-
mediated decay (NMD) [26]. This study found that both
mutations can evade the NMD mechanism and synthe-
size truncated NPR2 proteins, but the expression level of
truncated proteins is lower than that of WT NPR2. This
result is inconsistent with a previous result obtained from
Mustafa et al. [27]. They reported a nonsense mutation
(c.613 C>T, p.R205X) of the NPR2 gene that generated a
truncated NPR2 protein (25kD) showing higher expres-
sion as compared to WT NPR2. This suggests that trun-
cating mutations in the ECD of NPR2 may exert diverse
impacts on protein expression. Moreover, the ability of
the two truncated NPR2 proteins to stimulate cGMP
production was greatly reduced, which was similar to the
truncated mutation (p.H948Pfs*5, p.H840*) studied by
Chen et al. [28]. Our study further demonstrated that the
stability of the truncated protein was poor, which may
explain the mechanism of the loss-of-function truncating
mutations in NPR2.

In addition, several previous studies [13, 29-32] have
revealed that approximately 58% (15/26) of NPR2 mis-
sense mutations impact the protein’s normal transport to
the cell membrane independent of the mutation position.
However, much less NPR2 truncated protein subcellular
localization analysis has been carried out. Li and others
[13] reported that both truncating mutations of NPR2
result in the failure of protein localization on the cell
membrane and retention in the cytoplasm, leading to the
loss of function of the mutant protein, which is consistent
with our findings. Therefore, defective cellular trafficking
to the cell membrane is likely a major molecular mecha-
nism of the truncating NPR2 mutations. Protein folding
in the endoplasmic reticulum (ER) is monitored by ER
quality control mechanisms, and misfolding proteins
are retained and degraded in the ER by an ER-associated
degradation pathway [33]. We speculate that a change
in conformation of the truncated NPR2 receptor pro-
motes protein misfolding and degradation in the ER, and
defects in the normal intracellular trafficking from the ER
to the cell membrane.

Heterozygous mutations in NPR2 could be an impor-
tant cause of short stature and may be associated with
diverse phenotypes [31, 34]. A previous study reported
46 patients with NPR2 heterozygous mutations all pre-
sented with short stature, half with skeletal deformities,
and 1/5 with facial abnormalities [35]. However, another
study reported two patients carrying heterozygous mis-
sense mutations in the NPR2 gene who showed only a
short stature and no other skeletal dysplasia [36]. In addi-
tion, two patients with NPR2 truncating mutations in
this study exhibited short stature without other notable
deformities or skeletal abnormalities. Therefore, the rela-
tionship between the genotype and phenotype of patients
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with NPR2 heterozygous mutations is still unclear, and
more cases are needed to determine whether the com-
plexity of the phenotype is related to the mutation type or
mutation location. Patients carrying heterozygous NPR2
mutations display a progressive decline of age-adjusted
height z -scores eventually leading to severe short stature
[37], suggesting that short stature due to NPR2 mutations
should be treated early. Recombinant human growth
hormone (rhGH) appears beneficial in treating short
stature due to NPR2 gene heterozygous mutations [38].
However, there are significant differences in response
to rhGH treatment between patients, which may be
related to the location of the mutation, such as patients
with mutations in the ECD of NPR2 typically respond
poorly to rhGH [35]. In this study, patient 1 showed a
poor respond to rhGH treatment and the height changed
from 125.0 cm (-2.71SDS) to 139.9 c¢cm (-3.08SDS) after
treatment. This might be associated with poor continu-
ity of rhGH treatment and the fact that the mutation in
this patient emerged in the ECD of NPR2. Unfortunately,
patient 2 in this study was not treated with rhGH and
remains short at -2.58 SDS of height when reaching the
age of 15 years. Therefore, the efficacy of rhGH treatment
in patients with NPR2 heterozygous mutations still needs
to be investigated in a larger population with long-term
follow-up.

There were some limitations to our study. First, our
results demonstrate that both of these truncating muta-
tions affect the subcellular localization and stability of
NPR2. However, the specific mechanism is unclear and
further research is needed. Second, patient 2 exhibited a
mutation within the GC domain of the NPR2 protein and
did not receive rhGH therapy. Consequently, it was not
possible to assess the impact of rhGH treatment on GC
domain mutations.

In conclusion, our study has identified two truncat-
ing mutations in the NPR2 gene in two Chinese families
with short stature. The two mutations could potentially
impact the expression, subcellular localization, stability,
and function of NPR2 proteins. These findings not only
expand the mutational spectrum of the NPR2 gene but
also provide new insights into the pathogenesis of short
stature resulting from heterozygous NPR2 truncating
mutations.
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