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Abstract
Context: Most infants born small for gestational age (SGA) experience catch-up growth within 2 years, while 10% to 15% remain short. The 
cause of this persistent growth failure remains unknown.
Objective: To investigate the genetic causes of SGA with short stature (SGA-SS) due to failure of catch-up growth.
Methods: A total of 191 children from multicenter SGA-SS cohorts across 7 hospitals in South Korea underwent whole-exome sequencing. 
Identified copy number variants (CNVs) were confirmed via chromosomal microarray analysis.
Results: Genetic variants were identified in 34 children (17.8% diagnostic rate). CNVs accounted for 50% (17/34), including 6 children with 
22q11.2 microdeletion syndrome, predominantly exhibiting mild dysmorphic features without severe intellectual disability (ID), developmental 
delay (DD) or severe anomalies. Single-nucleotide variants (SNVs) were identified in 17 children (17/34, 50%). One had compound 
heterozygous mutations in SLC26A2, 1 likely pathogenic mutation, and another of uncertain significance. The remaining children had 
heterozygous variants, including 5 pathogenic variants in COL2A1, ACAN, SALL1, TAOK1, ANKRD11 and 11 likely pathogenic variants in 
PIK3R1, PLAG1, SCUBE3, COL9A2 (in 2 patients), SMAD4, PTPN11 (in 2 patients), CDKN1C, ACAN, NF1. A novel familial Silver-Russell 
syndrome case was linked to a CDKN1C mutation. Genetic causes were identified in 14 (58.3%) of 24 patients with ID/DD: 9 with CNVs and 
5 with SNVs.
Conclusion: SGA-SS has a heterogeneous genetic basis, with CNVs significantly contributing. The variable presentation of 22q11.2 
microdeletion syndrome highlights its relevance. A genetic diagnosis is more likely in familial cases or those with ID/DD, supporting the utility 
of genetic testing.
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Small for gestational age (SGA) refers to infants who are 
smaller than the normative range for their gestational age 
and sex. However, the criteria used to define SGA vary across 
studies. The World Health Organization defines SGA as in
fants with birth weight below the 10th percentile for sex 
and gestational age, whereas consensus statements define 
SGA as birth weight and/or length of at least 2 SDs below 
the mean (1-3).

Up to 90% of children with SGA achieve catch-up growth 
within the first 2 years of life. Those who fail to catch up are 

classified as small for gestational age with short stature 
(SGA-SS) and are eligible for recombinant human GH 
(rhGH) treatment (1, 2). In Korea, the National Health 
Insurance covers rhGH therapy for children with SGA who 
fail to achieve catch-up growth by 4 years of age, using birth 
weight below the third percentile based on Korean birth 
weight reference standards as the criterion for SGA (4).

The etiology of SGA is multifactorial and involves genetic, 
epigenetic, environmental, and maternal factors (5). In par
ticular, imprinting disorders such as Silver-Russell syndrome 
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(SRS), Temple syndrome, and IMAGe syndrome (intrauterine 
growth restriction, metaphyseal dysplasia, adrenal hypoplasia 
congenita, and genital malformations) are known contribu
tors to SGA-SS and should be considered in the differential 
diagnosis (6-9).

In addition to imprinting disorders, the genetic causes of 
SGA-SS are diverse. However, most affected children fail to 
exhibit overt syndromic features, which makes genetic diag
nosis challenging. Recent advances in next-generation sequen
cing technology have enabled the identification of genetic 
causes associated with SGA-SS (10, 11). Moreover, under
standing the genetic basis of SGA-SS can provide insights 
into the pathophysiology of growth and assist in predicting 
the prognosis and response to rhGH therapy.

Variable diagnostic yields have been reported for genetic 
testing in SGA-SS; 15% in nonsyndromic SGA-SS cases (12), 
22.1% in a Japanese SGA-SS cohort (11), and 42% in a 
Czech single-center SGA-SS cohort (10). In Korea, research 
on the genetic causes of SGA-SS is limited, with only a small 
single-center study reported to date (13).

In this multicenter study, we aimed to identify the genetic 
causes underlying the failure to achieve catch-up growth in 
children with relatively nonsyndromic SGA in Korea. We per
formed whole-exome sequencing (WES) with integrated 
screening for copy number variants (CNVs) and analyzed 
the prevalence and characteristics of both CNVs and single- 
nucleotide variants (SNVs) in this population.

Materials and Methods
Subjects and Clinical Assessment
A total of 191 children were recruited from 7 university hos
pitals in South Korea. In this study, SGA was defined as birth 
weight or length below the third percentile according to the 
Korean birth weight reference standards (4). Failure to 
achieve catch-up growth was defined as a height below the 
third percentile, equivalent to a SD score (SDS) of −1.89, after 
2 years of age based on age- and sex-matched normative 
data (14).

All participants were assessed using the Netchine-Harbison 
Clinical Scoring System (NH-CSS). Subjects with a score of ≥4 
were clinically suspected to have SRS (15) and were excluded 
from the study. Children with mild facial dysmorphism, mild 
intellectual disability (ID), or minor anomalies, such as crypt
orchidism, sensory neural hearing loss, or strabismus, were in
cluded. Patients with endocrine disorders, including primary 
hypothyroidism (encompassing congenital hypothyroidism, 
subclinical hypothyroidism), drug-induced hypothyroidism, 
or GH deficiency, were also eligible for inclusion. Cushing 
syndrome, a condition known to independently cause growth 
retardation, was excluded, whereas adrenal insufficiency, a 
cardinal manifestation of IMAGe syndrome, was not specified 
among the exclusion criteria (Fig. 1).

The clinical data were collected retrospectively. The SDSs 
for height and body weight were calculated based on the 
Korean National Growth Charts for children and adolescents 
(14). All statistical analyses were performed using R software 
(Version 4.4.3, Windows). P-values < .05 were deemed statis
tically significant.

All participants were born to nonconsanguineous Korean 
parents. Peripheral blood or buccal smear samples were col
lected after informed consent was obtained from the patients 
and their parents. Clinical photographs of patients carrying 

pathogenic/likely pathogenic variants or variants of uncertain 
significance (VUS) were obtained with informed consent from 
their legal guardians. The study was approved by the institu
tional review boards of all participating hospitals (approval 
numbers are provided in the ethics section).

Molecular Analysis

WES
High molecular weight genomic DNA was extracted from the 
patient’s whole blood-EDTA or buccal swab samples using 
the QIAamp DNA Blood Mini Kit (Qiagen) and AccuBuccal 
DNA Preparation Kit (Accugene), respectively. WES was per
formed according to the CAP/CLIA-validated standard oper
ating protocol. Exome capture was performed using the xGen 
Exome Research Panel v2 (Integrated DNA Technologies, 
Coralville, IA, USA). Sequencing was performed using the 
NovaSeq platform (Illumina, San Diego, CA, USA) with 
150bp paired-end reads. Sequencing data were aligned to ei
ther the GRCh37/hg19 or GRCh38/hg38 human reference 
genome using BWA-MEM and processed for variant calling 
using GATK (16, 17). CNVs were called using 3bCNV, an in
ternally developed tool that utilizes the depth-of-coverage in
formation for each exon, MANTA, and SavvyCNV (18, 19). 
High-quality variants were annotated, filtered, and classified 
using EVIDENCE, which incorporates the Ensembl Variant 
Effect Predictor for annotation and American College of 
Medical Genetics and Genomics (ACMG) guidelines for vari
ant classification (20-22). SpliceAI was used for splicing pre
diction (23). Medical geneticists and physicians manually 
reviewed the filtered and classified variant lists, and the most 
likely variants that could explain the patient’s phenotype 
were selected.

Chromosomal microarray
Chromosomal microarray (CMA) was performed using the 
CytoScan Dx assay platform (Thermo Fisher Scientific, 
Waltham, MA, USA). Genomic DNA (250 ng) extracted 
from peripheral blood or buccal swabs was digested with 
NspI and amplified by ligation-mediated PCR. The PCR prod
uct was purified, quantified, fragmented using DNase I, la
beled with biotin, and hybridized overnight (16-18 hours) 
with a CytoScan Dx array. After hybridization, the samples 
were washed and stained with streptavidin using the 
GeneChip Fulidics Station 450. The array was scanned using 
GeneChip Scanner 3000 to generate a CEL file. The CEL file 
was analyzed using the Chromosome Analysis Suite Dx 
(Thermo Fisher Scientific) and converted to a CYCHP file to 
visualize the genomic copy number and absence of heterozy
gosity. The pathogenicity of the detected CNVs was classified 
based on CNV scoring metrics in the ACMG/ClinGen 
Technical Standards (24).

Sanger sequencing
Sanger sequencing was performed to validate each variant 
identified by WES. Variant-specific primers were designed us
ing Primer3 software. PCR amplification was conducted 
under the following conditions: initial denaturation at 95 °C 
for 2 minutes; 35 cycles of denaturation at 95 °C for 15 sec
onds, annealing at 56 °C for 15 seconds, and extension at 
72 °C for 30 seconds; followed by a final extension at 72 °C 
for 7 minutes. The amplified PCR products were subjected 
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to Sanger sequencing using an ABI 3730XL Genetic Analyzer 
(Applied Biosystems®). Sequence data were analyzed using 
Chromas software.

Results
Clinical Characteristics of the Study Cohort
The clinical characteristics of the 191 patients with SGS-SS are 
summarized in Table 1. Of the 191 patients, 54 (28.3%) were 
preterm births. The study primarily included children with 
nonsyndromic SGA-SS, as evidenced by the low prevalence 
of ID (12.6%), congenital minor anomalies (6.8%), and con
genital heart disease (3.1%). Approximately 68.6% of the pa
tients exhibited no additional clinical features beyond short 
stature. Based on the NH-CSS, 90% of patients had a clinical 
score of 1 or 2 (Table 1).

Genetic Findings in SGA-SS 
Genetic abnormalities of CNVs and SNVs are summarized in 
Tables 2 and 3, respectively.

CNVs
Genetic abnormalities related to pre- and postnatal growth re
tardation were identified in 34 of the 191 patients (17.8%). 
Half of these abnormalities were CNVs (17/34, 50%) 
(Table 2), all present in the heterozygous state.

The 22q11.21 region was the most frequently affected, iden
tified as a microdeletion in 6 patients and as a duplication in a 
7-year-old male patient. Deletions in the 15q26.3 region, 
which includes the IGF1R gene, were identified in 2 patients 
(patient 8 and patient 17, respectively). Upon the identification 
of a 1.5 Mb microdeletion at 7q11.23, patient 14, who pre
sented with developmental delay (DD), distinctive facial 

features, and annular pancreas, was diagnosed with Williams 
syndrome. Patient 16, born prematurely and presenting with 
mild ID, epilepsy, and hypothyroidism, harbored a 5p15.33 
deletion encompassing the cri-du-chat syndrome (CdCS) re
gion. Her hypothyroidism is likely attributable to the long- 
term use of oxcarbazepine, given her normal TSH level of 
2.89 μIU/mL and slightly reduced free T4 level of 0.86 ng/dL 
(reference range: 0.92-1.68) (25).

2q11.1q12.1 duplication, 19q13.12 deletion, and 
1q24.2q25.1 deletion were classified as pathogenic CNVs. 
Conversely, the 20q11.23 deletion and 17p13.1p12 duplica
tion were classified as VUS. Interestingly, patient 15 carried 
2 CNVs: a 3q27.1 deletion (classified as likely pathogenic) 
and a 5q22.2 duplication (classified as VUS).

In this cohort, patients with 22q11.2 microdeletion syn
drome (22q11.2 DS) exhibited a relatively mild clinical 
phenotype, including subtle dysmorphic features and mild 
DD, without notable congenital anomalies or hypocalcemia 
(Table 4). Although patients 4 and 5 were siblings who inher
ited the 22q11.2 microdeletion from their mother, they exhib
ited distinct clinical phenotypes. Patient 4 presented with a 
cleft lip, a typical feature of 22q11.2 DS, whereas patient 5 
had no cleft anomaly but showed neurodevelopmental prob
lems, ID, and attention deficit hyperactivity disorder, high
lighting the broad phenotypic spectrum of this syndrome, 
even within the same family (Fig. 2).

SNVs
Of the 191 patients with SGA-SS, 17 had SNVs in 
growth-related genes (Table 3). Among these, 16 patients car
ried heterozygous variants, whereas patient 21 harbored com
pound heterozygous variants in the SLC26A2 gene. 
According to the ACMG guidelines, 5 variants were classified 

Figure 1. Flowchart illustrating patient enrollment and genetic analyses performed in the study.
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as pathogenic and were identified in COL2A1, ACAN, 
SALL1, TAOK1, and ANKRD11 genes. Twelve variants 
were classified as likely pathogenic and were identified in 
PIK3R1, PLAG1, SCUBE3, COL9A2 (in 2 patients), 
SMAD4, PTPN11 (in 2 patients), CDKN1C, ACAN, NF1, 
and SLC26A2. One variant in SLC26A2 was classified as a VUS.

Categorization according to the molecular mechanisms 
underlying short stature (26) revealed that the most frequently 
observed mechanism was defects in intracellular pathways 
(10/17, 58.8%), followed by abnormalities in the cartilage 
extracellular matrix (6/17, 35.3%) (Table 5). No variants re
lated to the GH-IGF-1 axis were identified. A heterozygous 
variant in SCUBE3, a gene involved in bone morphogenetic 
protein signaling, was identified in patient 24.

A mutation in PIK3R1 associated with SHORT syndrome 
was identified in patient 19, who presented with scoliosis, 
glaucoma, and mild insulin resistance, with a Homeostatic 
Model Assessment for Insulin Resistance value of 3.3 at 19 

years of age. He inherited a likely pathogenic variant from 
his mother, who was 147 cm (−3.05 SDS) in height.

Pathogenic variants associated with established syndromes 
were identified in 3 patients. Patient 23 carried a pathogenic 
SALL1 variant (c.3160C > T, p.Arg1054Ter); however, his 
clinical presentation did not align with the typical features of 
Townes-Brocks syndrome, such as an imperforate anus and 
dysplastic ears. Patient 27 had a heterozygous SMAD4 variant 
(c.1498A > G, p.Ile500Val) and exhibited facial features char
acteristic of Myhre syndrome, although other features such as 
progressive connective tissue disorder or cardiovascular disease 
were absent. Patient 31, who had an NF1 variant, presented 
with multiple café-au-lait spots on the trunk but did not meet 
the full clinical criteria for neurofibromatosis type 1.

Two patients with PTPN11 variants were diagnosed with 
Noonan syndrome. Patient 28 exhibited DD, severe growth 
retardation, congenital heart disease (atrial septal defect), 
and cryptorchidism; however, his facial features were incon
sistent with the typical Noonan syndrome phenotype 
(Fig. 2). In contrast, patient 34 had facial features characteris
tic of Noonan syndrome without other congenital anomalies. 
She inherited a likely pathogenic PTPN11 variant from her 
mother, who was 150 cm (−2.36 SDS) in height.

Gene variants associated with neurodevelopmental disor
ders were identified in patient 26 (TAOK1) and patient 32 
(ANKRD11), both presenting with ID/DD and short stature.

Six patients harbored pathogenic variants in genes related 
to the cartilage extracellular matrix, COL2A1, COL9A2, 
ACAN, and SLC26A2, although none exhibited distinctive 
skeletal abnormalities.

Six patients inherited heterozygous variants from their pa
rents, including 1 with SHORT syndrome (patient 19), 2 
with ACAN variants (patients 20 and 33), 1 with 
CDKN1C-related SRS (patient 29), 1 with a COL9A2 variant 
(patient 30), and 1 with Noonan syndrome (patient 34). 
Notably, the fathers of patients 20 and 33, both carrying het
erozygous ACAN variant, exhibited significantly reduced 
adult height, with height SDS values of −3.15 (158 cm, father 
of patient 20) and −5.54 (146.8 cm, father of patient 33).

Familial SRS with a CDKN1C Mutation
To the best of our knowledge, we report the first familial case of 
SRS with a CDKN1C mutation in Korea in our study cohort 
(Fig. 3). The patient was born at 33 weeks and 4 days of gesta
tion with a birth weight of 1.13 kg, which was below −2 SDS. 
She presented with camptodactyly of the right fifth finger at 
birth, which was surgically repaired at 6 years of age. She first 
visited the pediatric endocrinology clinic at 4 years of age with 
a height SDS of −2.25 and initiated rhGH therapy. Following 
3 years of rhGH therapy, her height SDS increased to −0.91. 
WES revealed an SNV in the CDKN1C gene (c.835C > T, 
p.Arg279Cys), which was inherited from the patient’s mother, 
who had a height SDS of −5.24 (138 cm). The same variant 
was also identified in the proband’s grandmother, who had a 
height SDS of −4.99 (139 cm). The patient’s mother had a his
tory of gestational diabetes and, currently, was diagnosed with 
prediabetes; the grandmother was also diagnosed with diabetes.

Discussion
In this multicenter study conducted across 7 hospitals in South 
Korea, we identified genetic abnormalities in 34 of 191 

Table 1. Clinical characteristics of the study cohort

Characteristics Patients with SGA-SS 
(n = 191)

General information
Male: Female 107:84
Age at first evaluation (years) 6.12 ± 2.66 (2-14)

Birth information
Gestational age (weeks) 37.96 ± 2.00 (30-41)
Birth weight (kg) 2.27 ± 0.42 (0.82-2.8)

Growth-related parameter
Height SDS at first visit −2.38 ± 0.54 (−4.69-−1.89)
Mid-parental height SDS −0.81 ± 0.77 (−3.52-1.57)
Familial short staturea 56 (29.3%)
GH treatment 175 (91.6%)
Height SDS at last visit −1.15 ± 0.93 (−4.52-1.12)

Other clinical findings (%)
Preterm birth 54 (28.3)
Precocious puberty/early puberty 49 (25.7)
Intellectual disability/developmental 
delayb

24 (12.6)

Skeletal abnormalities 15 (7.9)
Minor anomalies 13 (6.8)
Congenital heart disease 6 (3.1)
Complete GH deficiencyc 6 (3.1)
Primary congenital hypothyroidism 3 (1.6)
Subclinical hypothyroidism 1 (0.5)
Drug-induced hypothyroidism 1 (0.5)

Netchine-Harbison Clinical Scoring System (%)
3 19 (9.95)
2 125 (65.4)
1 47 (24.6)

Data are presented as the mean ± SD (ranges) for continuous variables and 
absolute numbers (%) for categorical variables.
Abbreviations: SDS, SD score; SGA-SS, small for gestational age with short 
stature.
aFamilial short stature was defined when at least 1 parent had a height below the 
third percentile (−1.89 SDS).
bPatients enrolled in this study presented with borderline to mild intellectual 
disability; none of them exhibited severe intellectual disability.
cComplete GH deficiency was defined as having a peak GH level below 5 ng/mL.
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patients with SGA-SS, with a diagnostic rate of 17.8%. 
Previous studies on SGA-SS cohorts have reported variable 
diagnostic yields ranging from 12.8% to 42%, depending 

on the presence of syndromic features and inclusion criteria 
(10, 11, 51, 52). Our cohort primarily comprised relatively 
nonsyndromic patients, as indicated by their clinical charac
teristics (Table 1). Notably, similar detection rates have 
been reported in nonsyndromic SGA-SS cohorts, including 
16.7% in a Chinese study (51) and 22.1% in a Japanese study 
(11), corroborating our findings. The large sample size and 
ethnic homogeneity of our Korean cohort underscore the 
strength and relevance of our analysis.

In our cohort, CNVs and SNVs were detected at equal fre
quencies (17/191; 8.9% each). This relatively high CNV de
tection rate could be attributed to the systematic screening 
of CNVs using WES data for all participants. CNVs were de
tected using multiple algorithms, including 3bCNV, an intern
ally developed tool, and other previously established software, 
such as MANTA and SavvyCNV (18, 19), which analyze 
the depth of coverage across exons, with the findings validated 
using CMA. No discrepancies were observed between 
the WES-based and CMA results, underscoring the reliability 
of next-generation sequencing data for CNV detection in 
clinical settings. Previous studies have also identified CNVs 
in approximately 9% to 10% of patients with SGA-SS using 
various platforms, including array comparative genomic hy
bridization, single-nucleotide polymorphism arrays (11, 52), 
and open-source software such as CNVkit (51).

While the present study utilized WES and CMA for genetic 
diagnosis, it is noteworthy that whole genome sequencing 
(WGS) offers additional advantages, particularly in detecting 
variants in regulatory regions and deep intronic sequences 
that are beyond the reach of WES. To the best of our knowl
edge, studies applying WGS to investigate the genetic eti
ology of short stature remain very limited. In a recent meta- 
analysis (53), the overall diagnostic yield of WGS was higher 

Table 4. Summary of clinical features of 6 patients with 22q11.2 
microdeletion syndrome

Patient number 1 2 3 4 5 6 Number/ 
total

Small for gestational age Y Y Y Y Y Y 6/6
Postnatal growth retardation Y Y Y Y Y Y 6/6
Microcephaly N Y N N N N 1/6
Pointed chin Y Y Y N N N 3/6
Short palpebral fissures Y Y Y N N N 3/6
Broad nasal tip Y Y Y Y N N 4/6
Hypoplastic alae nasi Y Y Y Y Y N 5/6
Cleft lip/cleft palate N N N Y N N 1/6
Thin upper lip N N N Y N N 1/6
Congenital heart disease N Ya N N N Yb 2/6
Developmental delay/ 

intellectual disability
Y Y N N Y N 3/6

Immune deficiency N N N N N N 0/6
Hypoparathyroidism including 

hypocalcemia
N N N N N N 0/6

Ocular anomalies including 
myopia

N N Y N N N 1/6

Hearing defect N N N N N N 0/6

Abbrevations: N, no; Y, yes.
aVentricular septal defect.
bTetralogy of Fallot.

Figure 2. Clinical photographs of patients with identified genetic abnormalities, along with their height SD score at the initial visit (“Initial Ht”) and at the 
time of photography (“Current Ht”).

The Journal of Clinical Endocrinology & Metabolism, 2025, Vol. 00, No. 0                                                                                                    9
D

ow
nloaded from

 https://academ
ic.oup.com

/jcem
/advance-article/doi/10.1210/clinem

/dgaf533/8264475 by Soonchunhyang U
niversity user on 02 D

ecem
ber 2025



(38.6%, 95% confidence interval: 32.6-45.0) than that of WES 
(37.8%, 95% confidence interval: 32.9-42.9), with greater 
benefits observed for Mendelian diseases. Moreover, WGS 
eliminates the need for confirming CNVs by additional meth
ods such as CMA or multiplex ligation-dependent probe amp
lification. However, its high cost and the complexity of data 
interpretation should be considered when selecting the most 
appropriate diagnostic approach.

Among the detected CNVs, 22q11.2 DS was the most fre
quently observed, identified in 6 patients. Intrauterine growth 
retardation and short stature are known endocrine features of 
22q11.2 DS, occurring in approximately 4% and 15% of 
cases, respectively (54). Its highly variable phenotypic expres
sion often leads to delayed diagnosis (55). This was evident in 
our cohort, in which affected individuals exhibited only mild 
DD/ID and subtle dysmorphic features. Patients 4 and 5 ex
hibited intrafamilial variability despite sharing the same dele
tion and inheritance patterns. All patients carried a deletion 
spanning the LCR22A-D region, a typical breakpoint pattern 

of proximal 22q11.2 DS (56, 57). One patient carried a dupli
cation in this region, consistent with 22q11.2 duplication 
syndrome, demonstrating a broad phenotypic spectrum over
lapping with 22q11.2 DS.

Two patients (patients 8 and 17) had a microdeletion at 
15q26.3, involving the IGF-1 receptor (IGF1R) gene, which 
plays a critical role in both pre- and postnatal growth. 
Although rare, the 15q26.3 microdeletion has been established 
as a genetic cause of SGA-SS (58). The clinical severity in these 
cases reportedly varies depending on the deletion size. Patient 8, 
with a larger 3.6 Mb deletion, exhibited DD and severe growth 
failure despite rhGH therapy (height SDS of −2.39 after rhGH 
therapy). Conversely, patient 17, with a smaller 1.2 Mb dele
tion, had a milder phenotype without DD and responded well 
to rhGH therapy (height SDS of −0.58 after rhGH therapy). 
Considering patient 17, the deletion was maternally inherited, 
with her mother also having a history of SGA at birth and ex
hibiting adult short stature (height SDS of −2.59, 149 cm), 
suggesting familial transmission.

Table 5. Summary of identified genes and their molecular mechanism affecting growth

Genes Function OMIM disorder Previous 
reports 
related to 
SGA

References

Defects in intracellular pathways
PIK3R1 Involved in PI3K signaling cascade, regulates the 

downstream targets of the PI3K-AKT-mTOR pathway
SHORT syndrome + (27, 28)

PLAG1 Transcription factor expressed during fetal development, 
regulates several growth factors, including IGF-2

Silver-Russell syndrome + (29, 30)

SALL1 Transcriptional repressor involved in organogenesis Townes-Brocks syndrome + (31, 32)
TAOK1 Serine/threonine-protein kinase involved in various 

processes, such as p38/MAPK14 stress-activated 
MAPK cascade, DNA damage response, and regulation 
of cytoskeleton stability

Developmental delay with or without 
intellectual impairment or behavioral 
abnormalities

+ (33, 34)

SMAD4 Coactivator and mediator of signal transduction by TGF-β Myhre syndrome + (35, 36)
PTPN11 Positively regulates the MAPK signal transduction 

pathway
Noonan syndrome + (37, 38)

CDKN1C Negative regulator of cell proliferation IMAGE syndrome 
Atypical Silver-Russell syndrome

+ (9, 39)

NF1 Regulator of Ras activity in the RAS-MAPK pathway Neurofibromatosis, type 1 + (40, 41)
ANKRD11 Chromatin regulator that modulates histone acetylation 

and gene expression in neural precursor cells; may also 
regulate bone homeostasis

KBG syndrome + (42, 43)

Defects in cartilage extracellular matrix
COL2A1 Major component of cartilage (type II collagen) Spondyloepiphyseal dysplasia + (10, 44)
COL9A2 Encodes the α-2 subunit of collagen type IX Epiphyseal dysplasia + (10, 45)
ACAN Major component of the extracellular matrix of 

cartilaginous tissues
Short stature and advanced bone age, with or 

without early-onset osteoarthritis and/or 
osteochondritis dissecans

+ (46, 47)

SLC26A2 Sulfate transporter mediating sulfate uptake into 
chondrocytes to maintain adequate sulfation of 
proteoglycans, which is needed for cartilage 
development

Epiphyseal dysplasia — (48, 49)

Paracrine signaling defect
SCUBE3 Multifunctional cell surface-anchored glycoproteins 

functioning as coreceptors of bone morphogenetic 
protein signaling

Short stature, facial dysmorphism, and 
skeletal anomalies with or without cardiac 
anomalies

+ (50)

“+” denotes the presence of previous reports related to SGA; “−” denotes no prior reports.
Abbreviations: KBG, Kallmann-Biegel; MAPK, mitogen-activated protein kinase; OMIM, Online Mendelian Inheritance in Man; PI3K, phosphatidylinositol 3 kinase; 
SGA, small for gestational age.
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Additional chromosomal microdeletion syndromes identi
fied in this cohort included Williams syndrome (patient 14) 
and CdCS (patient 16). Both SGA and short stature are char
acteristic features of Williams syndrome and are detected in 
approximately 50% of cases (59). CdCS is associated with ter
minal deletions of chromosome 5p, with typical features 
mapped to the critical region spanning 5p15.2 to 5p15.3 
(60). Patient 16 had a deletion in the 5p15.33 region, which 
partially overlaps the critical region for CdCS, possibly ex
plaining the relatively mild phenotype.

Although some CNVs in our cohort were classified as VUS, 
they may still be clinically relevant. 17p13.1 microduplication 
observed in patient 12 has been previously reported in individ
uals with short stature (61, 62), including 1 patient with SGA. 
Likewise, a 20q11.2 microdeletion detected in patient 10 
partially overlapped with previously reported deletions associ
ated with skeletal abnormalities, feeding difficulties, dysmorph
ic features, and DD (63); however, patient 10 exhibited only 
mild DD and subtle dysmorphic features. These cases highlight 
the importance of reevaluating VUS with the accumulation of 
additional evidence.

In several cases, patients with recognizable syndromes, such 
as Myhre syndrome (patient 27) and neurofibromatosis type 1 
(patient 31), did not exhibit a full phenotypic spectrum. Given 
that the clinical features of some syndromes evolve gradually, 
regular monitoring and follow-up are recommended to ensure 
the early detection of emerging morbidities.

Two genes (TAOK1, ANKRD11) associated with neurodeve
lopmental disorders were identified in patient 26 and patient 32, 
respectively. Short stature is observed in 40% to 77% of patients 
with Kallmann-Biegel syndrome (ANKRD11 gene mutation) 
(64), whereas it is less frequently reported in TAOK1-related dis
orders, occurring in only 9% to 20% of cases (65).

Although 6 patients had pathogenic variants in cartilage 
extracellular matrix-related genes (COL2A1, COL9A2, 
ACAN, and SLC26A2), none exhibited overt skeletal dysplasia, 
which is consistent with the findings of previous studies (11, 12). 
Moreover, this finding further corroborates that genetic variants 

affecting skeletal development can be present even in the ab
sence of typical radiographic findings. Therefore, these genes 
should be considered in the differential diagnosis of nonsyn
dromic short stature.

Although we attempted to exclude SRS clinically using the 
NH-CSS criteria, we identified 2 genetic variants associated 
with SRS: PLAG1 and CDKN1C. CDKN1C is a cyclin- 
dependent kinase inhibitor and a negative regulator of cell pro
liferation. CDKN1C is an imprinted gene only expressed when 
maternally inherited (66). Loss-of-function mutations in 
CDKN1C are associated with Beckwith-Wiedemann syn
drome (67). In contrast, gain-of-function mutations within 
the proliferating cell nuclear antigen-binding domain of 
CDKN1C have been identified as a cause of IMAGe syndrome 
(8). More recently, familial cases of SRS associated with 
CDKN1C mutations in the proliferating cell nuclear antigen- 
binding domain have been reported (Fig. 4) (9, 38, 68-71). 
Notably, a change in amino acid position 279 has been exten
sively reported (38, 68, 70, 71), indicating that this region is a 
mutational hotspot associated with an atypical SRS pheno
type. In our patient, we identified a missense variant affecting 
the same position but resulting in a different amino acid substi
tution (p.Arg279Cys). Family members of patient 29 carrying 
the CDKN1C c.835C > T variant did not present with IMAGe 
syndrome features such as adrenal insufficiency or metaphy
seal dysplasia; however, they did exhibit pre- and postnatal 
growth retardation and diabetes, as observed in the proband’s 
mother and grandmother (Fig. 3). The CDKN1C c.835C > T 
(p.Arg279Cys) variant, inherited maternally, is considered 
the causative mutation for SRS in this family.

Patient 22 carried a heterozygous PLAG1 c.199C > T 
(p.Gln67Ter) variant and presented with SGA-SS and pre
cocious puberty without other clinical features of SRS. 
Previous studies have also reported SRS diagnoses in chil
dren who did not meet the NH-CSS criteria (10). These find
ings highlight the need to consider SRS in the differential 
diagnosis of SGA-SS, even in the absence of typical 
phenotypes.

Figure 3. (A) Pedigree chart of patient 29. Numbers within the circles or squares indicate the height of each individual (in cm). Genetic testing was not 
performed on family members II-5 to II-8 (shaded in gray); however, their short stature suggests they may carry the CDKN1C variant. Black asterisks to 
the right of circles indicate a history of diabetes mellitus. (B) Sanger sequencing results of the CDKN1C (NM_000076.2) showing the c.835C > T [C/T] 
variant in the proband (IV-1), mother (III-3), grandmother (II-4), and uncle (III-4). II-2 (the father) carries the wild-type allele [C/C]. (C) Clinical images of the 
proband, mother, and grandmother. Patient 29 presents with camptodactyly of the right fifth finger. (D) Growth chart of patient 29. The vertical arrow 
marks the initiation of recombinant human GH therapy. 
Abbreviation: MPH, mid-parental height.
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Patient 24 harbored a heterozygous SCUBE3 c.222C > A 
(p.Cys74Ter) variant in the epidermal growth factor-like do
main. While biallelic inactivating variants in SCUBE3 have 
been linked to a recently described developmental disorder in
volving defective bone morphogenetic protein signaling (49), 
our patient exhibited isolated short stature (initial height of 
−3.32 SDS) with subtle facial features (eg, long/triangular 
face, high nasal bridge, and long nose). Given the high prob
ability of loss-of-funtion intolerance (pLI) (1.0) and low 
loss-of-function observed/expected upper bound fraction 
(0.402) scores of the gene in gnomAD, SCUBE3 is highly in
tolerant to haploinsufficiency. These findings highlight the 
possibility of a dominant-negative effect on height, although 
further evidence is required to confirm this hypothesis.

Among the 24 patients with ID/DD, 14 (58.3%) had a con
firmed genetic diagnosis, including 9 with CNVs and 5 with 
SNVs. Fisher’s exact test showed that, among patients with 
SGA-SS, those with ID/DD were approximately 10 times 
more likely to have genetic abnormalities than those without 
ID/DD (odds ratio = 10.09, P < .05; data not shown). These 
findings emphasize the value of comprehensive genetic ana
lysis in patients with SGA-SS, especially in the presence of 
ID/DD.

This study is notable for its large cohort size; systematic 
CNV screening of all WES samples; and focus on a genetically 
homogeneous, relatively nonsyndromic SGA-SS population. 
However, this study has some limitations. Notably, SRS was 
only clinically assessed using NH-CSS without DNA methyla
tion testing, limiting the accuracy of SRS exclusion. Genetic 
variants located in regulatory regions or deep introns may 
be missed by WES; therefore, WGS may be required in future 
studies to improve the identification of genetic diagnoses.

In conclusion, the genetic causes of SGA-SS are highly het
erogeneous. Our findings revealed that CNVs markedly con
tribute to the etiology of SGA-SS, even in nonsyndromic 
cases. The phenotypic spectrum of 22q11.2 DS is broad and 
should be considered in the differential diagnosis of SGA-SS. 
Furthermore, the presence of ID/DD or a family history of 
SGA-SS may increase the likelihood of identifying an under
lying genetic cause, underscoring the clinical utility of genetic 
testing in these populations.
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