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Abstract
Context: Silver–Russell Syndrome (SRS) is a growth retardation disorder characterized by pre- and postnatal growth failure, relative 
macrocephaly at birth, prominent forehead, body asymmetry, and feeding difficulties. The main molecular mechanisms are imprinting 
alterations at multiple loci, though a small number of pathogenic variants have been reported in the SRS genes IGF2-PLAG1-HMGA2 and 
CDKN1C. However, around 40% of clinically suspected SRS cases do not achieve a molecular diagnosis, highlighting the necessity to 
uncover the underlying mechanism in unsolved cases.
Objective: Evaluate the frequency of genetic variants in undiagnosed SRS patients [Netchine–Harbison Clinical Scoring System (NH-CSS)  ≥ 4], 
and investigate whether (epi)genetic patients may be distinguished from genetic patients.
Methods: One hundred thirty-two clinically SRS patients without (epi)genetic deregulations were investigated by whole-exome (n = 15) and 
targeted (n = 117) Sequencing. Clinical data from our cohort and from an extensive revision of the literature were compared.
Results: Pathogenic variants were identified in 9.1% of this cohort: 3% in IGF2, PLAG1, and HMGA2 genes and 3% in the IGF1R gene, 
associated with IGF-1 resistance (IGF1RES), an SRS differential diagnosis. Overall, IGF2-PLAG1-HMGA2 and IGF1R account for 3.6% of SRS 
with NH-CSS score  ≥ 4. A clinical cross-comparison of (epi)genetic vs genetic SRS underlined (epi)genotype-phenotype correlation 
highlighted the prevalence of body asymmetry and relative macrocephaly in mosaic (epi)genetic SRS and recurrence of genetic familial cases. 
Furthermore, overlapping features were evidenced in (epi)genetic SRS and IGF1RES patients.
Conclusion: Our study explores the frequency of genetic SRS, underscores body asymmetry as a distinctive phenotype in (epi)genetic SRS and 
suggests IGF1R sequencing in a SRS diagnostic flowchart.
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Silver–Russell syndrome (SRS) is a rare (1:30.000-100.000) im
printing disorder characterized by severe prenatal and postnatal 
growth retardation (PNGR), relative macrocephaly at birth as
sociated with a triangular face and a prominent forehead, 
body asymmetry, and feeding difficulties. Clinical diagnosis is 
based on the occurrence of at least 4 out of 6 clinical signs, in ac
cordance with the Netchine–Harbison Clinical Scoring System 
(NH-CSS), but molecular testing is recommended in patients 
with ≥3/6 criteria (1). The etiology of SRS mainly consists in 
the deregulation of imprinting at specific loci: 30% to 60% of 
patients, defined as SRS type 1 (MIM#180860), have loss of 
methylation of the paternal allele at H19/IGF2:IG-DMR in 
the 11p15.5 chromosomal region (IC1_LoM), while 5% to 
10% (SRS type 2, MIM#618905) have maternal uniparental 
disomy of chromosome 7 (UPD(7)mat, involving the GRB10: 
alt-TSS-DMR, PEG10:TSS-DMR, and MEST:alt-TSS-DMR) 
(1-3). Furthermore, a small number of cases with an SRS-like 
presentation display epimutations or UPD(14)mat at the MEG3: 
TSS-DMR (14q32) associated with Temple syndrome (MIM 
#616222) (4, 5) or UPD(20)mat associated with Mulchandani– 
Bhoj–Conlin syndrome (MIM#617352) (6, 7). Rare genetic 
causes are also reported: pathogenic variants affecting the genes 
of the IGF2-PLAG1-HMGA2 pathway have been associated 
with a diagnosis of SRS type 3 (MIM#616489), SRS type 4 
(MIM#618907), and SRS type 5 (MIM#618908), respectively. 
This pathway plays a crucial role in the regulation of physiologic
al fetal and postnatal growth, and disruption of each involved 
gene affects the expression of IGF2 as LoM at H19/IGF2: 
IG-DMR (8). In addition, very rare pathogenic variants within 
the PCNA-binding domain of CDKN1C are responsible for a se
vere differential diagnosis of SRS, named IMAGE syndrome 
(MIM#614732). The limited number of cases so far described 
has not enabled a complete definition of the phenotype of these 
genetic SRS subtypes (9). Overall, in about 40% of patients 
with a clinical suspicion of SRS, the molecular defect remains 
to be ascertained (1, 2, 6-8). With the implementation of 
next-generation sequencing (NGS) technology, various reports 
have been published (10-12), bringing to light a broad spectrum 
of monogenic diseases that exhibit clinical features overlapping 
with SRS. IGF1RES (MIM#612626), SHORT syndrome 
(MIM#269880), 3-M syndrome (MIM#273750), and 
Mulibrey nanism (MIM#253250), whose clinical presentation 
is sometimes hard to distinguish from SRS (1, 13, 14), are those 
reported at a higher frequency.

Here we refer to a cohort of 132 SRS patients with NH-CSS  
≥ 4 but without a molecular diagnosis. All were investigated 
for pathogenic variants in the main SRS genes, and a small 
subset by whole-exome sequencing (WES) and single nucleo
tide polymorphism (SNP) array. The application of this flow
chart allowed us to assign a diagnosis to 9.1% of cases and to 
highlight novel genotype-phenotype correlations.

Materials and Methods
Study Cohort
A cohort of 324 patients, scored as NH-CSS  ≥ 3, were referred 
to our center for SRS genetic testing from 2006 to 2023. 
Application of our reported diagnostic flowchart (6) led to the 
detection of 73/324 IC1_LoM (22.5%), 21/324 UPD(7)mat 
(6.5%), 7/324 Temple syndrome (2.1%), 3/324 UPD(20)mat 
(0.9%) by mass spectrometry-multiplex ligation-dependent 
probe amplification (MLPA) (MRC Holland, Amsterdam, 
Netherlands). Furthermore, 3 chromosomal rearrangements at 

the 11p15.5 region (0.9%) and a NSD1 duplication were iden
tified. Out of 324 patients, 221 had an NH-CSS score  ≥ 4. 
Among these, 61 had IC1_LoM, (27.6%), 18 UPD(7)mat 
(8.1%), 4 Temple syndrome (1.8%), 3 UPD(20)mat (1.3%), 
and 3 11p15.5 rearrangements (1.3%). In sum, in our global 
SRS cohort imprinting is deregulated in about 33% of cases, 
rising to 40% when only patients with NH-CSS score  ≥ 4 are 
considered. Overall, 132 patients with an NH-CSS score  ≥ 4 
and without a genetic diagnosis were enrolled in this study. 
Chromosomal abnormalities were excluded using karyotyping 
and comparative genomic hybridization (CGH) array 60 K, 
while CDKN1C variants were ruled out by Sanger sequencing. 
Clinical information was collected from patients’ attending 
physicians, and written informed consent to the genetic test 
was received from all patients or parents. The patients’ parents 
consented to have their children’s image published. The 
Ethical Committee of IRCSS Istituto Auxologico Italiano ap
proved the study (CE: 2017_05_16_05).

MLPA
IGF1R and HMGA2 copy number variations were assessed by 
MLPA using the P217 IGF1R and the P323 CDK4-HMGA2- 
MDM2 probemix. The analyses were performed according 
to manufacturers’ protocols. In each experiment 4 control 
samples were included. Raw data were analyzed using 
Coffalyser.Net software (version 140,701, MRC Holland).

NGS Analysis
In accordance with the manufacturer’s protocols, DNA 
was extracted from peripheral blood lymphocytes (Wizard 
Genomic DNA Purification Kit, Promega). NGS analysis 
was conducted using 2 approaches: (1) WES with the 
SureSelect Human All Exon V7 library (Agilent) and (2) se
quencing of a small gene panel comprising 3 SRS-associated 
genes (IGF2, PLAG1, and HMGA2) and IGF1R. WES bio
informatic analyses were performed according to a previously 
published pipeline (15). Libraries for amplicon-based sequen
cing were generated using the Nextera XT DNA Library Prep 
Kit (Illumina, San Diego, CA) and sequenced with an Illumina 
Miseq sequencer. Bioinformatic analyses were conducted 
using the default parameters of Illumina’s Miseq Reporter 
software (v.2.6.2): demultiplexed reads were aligned to the 
reference genome (hg19) using the Burrows-Wheeler 
Aligner, and variant calls were identified using the Genome 
Analysis ToolKit (v1.6) Unified Genotyper. Variant 
annotation was performed using the wANNOVAR tool 
(16). To disclose causative variants, a virtual panel of 2508 
growth-related genes was designed by reviewing the literature 
and using PanelApp (17). All variants identified by these 2 ap
proaches were filtered by minor allele frequency < 1% in the 
1000 Genomes, Genome Aggregation Databases, and Exome 
Aggregation Consortium databases. In silico prediction of 
missense variants’ pathogenicity was performed by combin
ing the PolyPhen-2, SIFT, and CADD algorithms. The 
interpretation of the variants was based on the classification 
by the InterVar, VarSome, and Franklin by Genoox databases 
(18, 19) in accordance with the American College of Medical 
Genetics and Genomics/Association for Molecular Pathology 
guidelines (20, 21). All the variants reported here were con
firmed by Sanger sequencing.
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CGH array and SNP array
Whole-genome array-CGH analysis was performed using the 
180 K platform (kit 4 × 180 K CGH + SNP, AGILENT), with 
an average resolution of 40 kb in optimal conditions, to detect 
copy number variants (CNVs) and loss of heterozygosity. 
Labeling and hybridization were performed according to the 
manufacturer’s protocol and CNVs were detected by the 
Agilent Cytogenomics 5.0.2.5 analysis software. The map posi
tions refer to the Human Genome Building 37 (hg19) assembly.

Infinium HD Assay Ultra with Illumina Infinium CytoSNP- 
850 K v1.4 BeadChips was performed to detect CNVs (duplica
tions, deletions, loss of heterozygosity) in accordance with the 
manufacturer’s instructions. The data were imported from 
iScan Control Software into GenomeStudio 2.0 Genotyping 
Module Software provided by Illumina for analysis.

In both cases, the map positions refer to the Human Genome 
Building 37 (hg19) assembly, and a CNV was identified by 
at least 3 consecutive experiments with locus-specific probes. 
Detected CNVs were compared with the Database of 
Genomic Variants (http://projects.tcag.ca/variation/, release 
March 2016) to exclude common copy number polymorphisms 
(minor allele frequency >1%). The establishment of CNV 
pathogenicity was made following the American College of 
Medical Genetics recommendations (22)

Statistical Analysis
Fisher’s exact test was used to assess differences in the fre
quency of clinical features between (epi)genetic- and genetic- 
based SRS and between (epi)genetic SRS and IGF1R patients. 
Statistical analysis was performed using the Graph Pad Prism 
7 program. A P-value ≤ .05 was considered statistically 
significant.

Results
WES and SNP Array Molecular Analyses
WES trio was performed on 15 out of 132 patients. Patients 
were selected on the basis of their clinical features and avail
ability. Overall, 6 out of 15 unrelated SRS patients achieved 
a diagnosis after WES, including 1 inherited variant in the 
PLAG1 gene and 2 variants in the IGF1R gene (1 de novo 
and 1 inherited); 1 de novo variant in the FGFR3 gene; and 2 
children with autosomal recessive inheritance in the CCDC8 
and SBDS genes. Table 1 reports the identified variants, classi
fied according to the American College of Medical Genetics 
and Genomics criteria, the mode of inheritance of the associ
ated disease, and the results of the segregation analysis. Due 
to a discrepancy between patient’s phenotype and candidate 
gene’s phenotype, 2 cases remain with uncertain diagnoses: 
SRS91 with a compound heterozygous genotype of a pathogen
ic and an unknown significance (VUS) variant in BRAT1 gene 
associated with NEDCAS syndrome (MIM#618056) (23) 
and SRS08, carrier of a paternally inherited VUS variant 
in the CHD7 gene associated with CHARGE syndrome 
(MIM#214800) (24, 25).

These 2 patients and the 7 undiagnosed WES-enrolled pa
tients were then investigated using a high-resolution SNP or 
CGH array to comprehensively complete the mutational screen. 
Case SRS84 was found to harbor a de novo deletion of 206 Kb 
at 19q, arr[GRCh37] 19q13.33(48192995_48399399)x1 dn, 
which involves the entire CRX gene associated with cone-rod 
retinal dystrophy-2 (MIM#120970) and partially the BICRA 

gene (from exon 8 to 15) associated with Coffin-Siris syndrome 
12 (CSS12, MIM#619325), both autosomal dominant patholo
gies (Supplementary Fig. S1) (26). No chromosomal rearrange
ments were revealed in the other cases.

The flowchart in Fig. 1 illustrates the molecular workup of 
patients and the achieved diagnosis.

IGF2-PLAG1-HMGA2 Pathway: Identification of New 
Genetic Defects
In the remaining 117 patients, sequencing of the IGF2, 
PLAG1, and HMGA2 genes by an amplicon-based approach 
(Fig. 1) revealed 2 pathogenic variants and 1 likely pathogenic 
variant (Table 1). Specifically, SRS05 was a carrier of an IGF2 
splicing variant inherited from her affected father and pre
dicted to disrupt the acceptor site upstream exon 2 of the 
gene; SRS75 harbored a de novo nonsense variant in the 
HMGA2 gene; and SRS90 inherited from his affected mother 
a PLAG1 in-frame deletion variant.

Clinical Evaluation
Table 2 sums up the clinical features of all SRS patients with 
an identified molecular alteration, including the affected pa
rents (IGF1R cases are discussed in detail later). SRS facial 
features of a few patients are displayed in Fig. 2. Concerning 
SRS90’s mother with a PLAG1 variant (not indicated in the 
table), it is only known that she experienced growth difficul
ties in infancy with a final height of 147 cm [−2.51 SD score 
(SDS)] and exhibited a typical facies, characterized by a tri
angular face and a protruding forehead. Auxological parame
ters at birth and at last evaluation are reported for each 
patient: only the girl with a FGFR3 variant was not born small 
for gestational age (SGA), and 8 out of 10 exhibited relative 
macrocephaly at birth, while body asymmetry has been de
scribed only in 1 patient. Furthermore, SRS facies, digital 
anomalies, and hypotonia were observed in the majority of 
the cases.

Four patients, despite having a score of NH-CSS  ≥ 4, re
vealed diagnoses due to alteration in genes associated with dis
eases characterized by growth retardation. SRS74 has an 
autosomal recessive 3-M syndrome type 3, which reassembles 
the clinical features of SRS, including relative macrocephaly 
and facial dysmorphisms, features also present in our patient. 
Radiological evidence of 3-M syndrome, such as broad thor
ax, prominent heels, and ligamentous laxity (27, 28), could 
not be ascertained because the child was not present at the 
follow-up at 4 months. Macrocephaly at birth and PNGR 
raised SRS suspicion for the SRS03 girl, but the FGFR3 
variant was consistent with a diagnosis of hypochondroplasia 
(29). In cases SRS104 and SRS84, the initial growth 
retardation was misleading, and the finding of a Shwachman– 
Diamond syndrome type 1 and of CSS12, respectively, accurate
ly reflected the present phenotype of these children. As indicated 
in Table 2, patient SRS104 developed several symptoms of the 
multisystemic Shwachman–Diamond syndrome type 1 (30), 
and SRS84 showed the neurological involvement associated 
with CSS12 (31).

IGF1R Analysis in SRS Patients
Given the disclosure of 2 SRS with IGF1R variants in our 
WES-enrolled patients, the gene was sequenced in the remain
ing 114 patients (Fig. 1). We identified 2 likely pathogenic 
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variants inherited from affected parents and 1 maternally in
herited p.(Glu1356Lys) variant, classified as VUS (Table 3) 
as the mother’s phenotype has not been ascertained. This vari
ant has been already reported twice (32, 33), and functional 
studies demonstrated a significant decrease in AKT phosphor
ylation in vitro (32). Additionally, intragenic deletion or du
plication were ruled out for the HMGA2 and IGF1R genes 
by MLPA analysis in all 117 negative patients and in the 2 pa
tients with uncertain diagnosis. In the 5 IGF1R patients, a pu
tative double-hit was excluded by MLPA.

Clinical Features of the IGF1R Patients

Patient SRS02
This pateint was born at 31 + 4 weeks of gestation with a birth 
weight (BW) of 910 g (−2.3 SDS), a birth length (BL) of 33 cm 
(−3.29 SDS), and an occipital-frontal circumference (OFC) of 
26 cm (−2.16 SDS), after a pregnancy characterized by intra
uterine growth restriction (IUGR). He displayed a triangular 
face with a prominent forehead and frontal bossing, down- 
slanting of the palpebral fissures, and a bulbous nasal tip 
with a depressed nasal bridge and thin lips. Penoscrotal hypo
spadias (grade III), hydrocele, cryptorchidism, inguinoscrotal 
hernia, ventricular-septal defect, hypotonia, feeding difficul
ties, and episodes of hypoglycemia were also reported. At 5 
months (3 months corrected), he showed a weight of 
3.65 kg (−4.00 SDS), a length of 53 cm (−4.33 SDS), and an 
OFC of 39 cm (−1.82 SDS). At 11 months (9 months cor
rected) he showed a weight of 6.86 Kg (−2.96 SDS), a length 
of 66.5 cm (−2.21 SDS), and an OFC of 45.3 cm (−0.47 SDS). 

The heterozygous IGF1R variant (NM_000875):c.4066G >  
A p.(Glu1356Lys) was maternally inherited. Unfortunately, 
clinical data for the mother were not available.

Patient SRS67
This patient was born after a 38-week pregnancy, which was 
only complicated by poor fetal growth. At birth, her BW was 
2100 g (−2.5 SDS), her BL was 45 cm (−2.02 SDS), and her 
OFC was 31 cm (−2.23 SDS). She also experienced feeding 
difficulties with gastroesophageal reflux, episodes of hypogly
cemia, and excessive sweating. Fifth finger clinodactyly and 
brachydactyly were observed. Her facial features included a 
triangular face with a protruding forehead, micrognathia, ex
ophthalmos with mild hypertelorism, and a thin upper lip 
with a downturned mouth (Fig. 2C). At 21 months of age, 
she weighed 7.3 kg (−5.13 SDS), measured 75 cm in height 
(−2.52 SDS), and had an OFC of 43 cm (−2.92 SDS). The 
growth chart is reported in Supplementary Fig. S2A (26). 
At the latest assessment at 12 years old, her weight was 
26 kg (−2.46 SDS), her height was 133 cm (−2.15 SDS), 
and her OFC was 50.7 cm (−1.96 SDS). The patient and her 
mother carried the same heterozygous IGF1R variant 
(NM_000875):c.1079T > C p.(Leu360Ser). A history of peri
natal and postnatal growth retardation was documented in 
her mother, who attained a final height of 146 cm (−2.66 
SDS). Additionally, she exhibits similar facial dysmorphisms 
to her daughter, including the protruding forehead. Both 
the proband and her mother exhibited appropriate GH 
levels: 6.98 µg/L (range 0.12-8.05 µg/L) and 0.3 µg/L (range 

Figure 1. Flowchart of the molecular study. From 2006 to 2023, a total of 324 patients with suspected SSRS and a NH-CSS score of ≥ 3 were referred 
to our laboratory for genetic testing. All patients underwent methylation analysis for the 11p15.5 region and chromosomes 7, 14, and 20, revealing 
imprinting deregulation in 107 patients. Among the remaining 217 patients without a diagnosis, 132 patients with NH-CSS ≥ 4 were included in this 
study. Whole-exome sequencing and single nucleotide polymorphism array analysis were performed in 15 of these cases, uncovering causative 
molecular defects in 7 of them and identifying VUCs in 2 additional patients. The remaining 117 patients underwent sequencing of SRS axis-related 
genes, which resulted in a diagnosis for 3 cases. Subsequently, in 114 undiagnosed patients, sequencing of the IGF1R gene identified 2 causative 
variants and 1 VUS. 
Abbreviations: NH-CSS, Netchine–Harbison Clinical Scoring System; SRS, Silver–Russell syndrome; VUS, variant of uncertain significance.
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0.13-9.88 µg/L), respectively. However, IGF-1 levels were 
elevated in the proband (912 µg/L, range 132-451 µg/L) and 
within a normal range in her mother (151 µg/L, range 
78.7-218 µg/L).

Patient SRS88
IUGR was diagnosed during the pregnancy, and the patient 
was born at 36 + 3 weeks of gestation. Her BW was 1570 g 
(−2.7 SDS), her BL was 40 cm (−2.99 SDS), and her OFC 
was 29.5 cm (−2.39 SDS). Facial dysmorphisms included a tri
angular face, protruding forehead, micrognathia, thin lips, 
and a downturned mouth. She experienced feeding difficulties, 
fifth finger clinodactyly, brachydactyly, and hypotonia. At 21 
months of age, she weighed 7.5 kg (−4.79 SDS), measured 
71.2 cm in length (−3.61 SDS), and had an OFC of 44.2 cm 
(−2.04 SDS). Endocrinological evaluation showed appro
priate levels of GH and IGF-1 (79 ng/mL; normal range 
48-187 ng/mL). SRS88’s father has the same heterozygous 
IGF1R variant (NM_000875):c.3616G > A p.(Ala1206Thr). 
He had a stature of 160 cm (−2.34 SDS), but, unfortunately, 
other clinical data were unavailable.

Patient SRS103
This patient was born at 37 + 4 weeks of gestation, weighing 
2020g (−2.07 SDS), measuring 44 cm in length (−1.88 
SDS), and with an OFC of 30 cm (−2.4 SDS), after a preg
nancy characterized by IUGR. At birth, she experienced feed
ing difficulties with gastroesophageal reflux and fifth finger 
clinodactyly. Dysmorphic features included a small and tri
angular face with a protruding forehead and frontal bossing, 
thin lips, and short palpebral fissures. At 13 months of age, 
her weight was 6.3 kg (−4.53 SDS), her height was 69 cm 
(−2.13 SDS), and her OFC was 42.6 cm (−2.29 SDS). 
The growth chart is reported in Supplementary Fig. S2B 
(26). Endocrinological evaluation showed high levels of GH 
(14 ng/mL, range 0.14-6.27 ng/mL) and normal levels of 
IGF-1 (53 ng/mL, range 15-92 ng/mL). Heterozygosity for 
the IGF1R variant (NM_000875):c.266G > A p.(Arg89Gln) 
was found in both the patient and her father, who exhibited 
a similar clinical phenotype. He was born at 40 weeks of ges
tation with a BW of 2800 g (−1.97 SDS), a BL of 46 cm (−2.76 
SDS), and an OFC of 31 cm (−3.36 SDS). At 1 year, he 
weighed 7.8 kg (−2.73 SDS), measured 70 cm in height 
(−2.23 SDS), and had an OFC of 43 cm (−2.82 SDS). His 
height remained stable around the third percentile from 
2 years of age, reaching a final stature of 165 cm (−1.70 SDS). 

Facial dysmorphisms included a triangular face and protruding 
forehead with frontal bossing.

Patient SRS114
This patient was the first son of healthy parents. IUGR was di
agnosed during the pregnancy. He was born at 37 weeks of 
gestation with a BW of 2020g (−2.48 SDS), a BL of 42 cm 
(−2.90 SDS), and an OFC of 31 cm (−2.07 SDS). At the 
age of 18 months, his weight was 7.680 kg (−4.1 SDS), his 
length was 74.5 cm (−2.53 SDS), and his OFC was 43.5 cm 
(−3.22 SDS). The growth chart is reported in Supplementary 
Fig. S2C (26). He displayed feeding difficulties, muscular 
hypotonia, fifth finger clinodactyly, and phimosis. Facial dys
morphic features included a triangular face, a protruding fore
head, and micrognathia (Fig. 2D). Speech delay was observed, 
and a specific learning disability (dyslexia) was diagnosed 
later on. GH stimulation tests were inconclusive: peak GH 
after arginine test was pathological (1.17 ng/mL), while 
peak GH after glucagon test was 16.76 ng/mL (normal value 
>8). Basal GH was 3.14 ng/mL. IGF-1 level was normal 
(126 ng/mL, +0.45 SDS) at age 2 years 9 months. He started 
GH therapy (rhGH) at age 4 years 6 months, and his height 
SDS improved until normalization (last visit at 12 years 
9 months: height −1.62 SDS) even though delta from 
target height is still slightly lower than normal (−1.77 SDS). 
The last head circumference was 48.8 cm (−3.51 SDS). WES 
analysis revealed a de novo (NM_000875):c.1363T > C 
p.(Cys455Arg) heterozygous variant in the IGF1R gene.

The clinical characteristics of our IGF1R patients, assessed 
using both the SRS and the IGF1R Clinical Scoring System 
(33), are presented in Table 4. Each patient met 4 out of 6 cri
teria of the NH-CSS, and 4 patients had an IGF1R positive 
score ≥3.

(Epi)Genetic and Genetic SRS Patients at Clinical 
Comparison
Table 5 gives a comprehensive overview of the molecular and 
clinical features of IGF2, PLAG1, and HMGA2 patients re
ported in the literature and this study. The last column provides 
molecular and clinical features of IGF1R patients (n = 202, in
cluding 53 symptomatic and 11 asymptomatic parents). The 
bibliographic sources are detailed in Supplementary Tables 
S1A, S1B, and 2 (26). Furthermore, we report the clinical 
data of our SRS cohort, IC1_LoM (n = 73) and UPD(7)mat 
(n = 21) in Table 5 and Supplementary Table S3 (26), respect
ively. The frequency of each SRS feature was evaluated in the 

Figure 2. Photographs of patients (A) SRS05 with IGF2 variant; (B) SRS44 with PLAG1 missense variant at the age of 2 years; SRS67 (C) and SRS114 
(D) with IGF1R variant and (E) SRS08 with a CHD7 variant of unknown significance.
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Table 5. Frequency of the clinical features identified in our cohort of (epi)genetic SRS and in patients reported in the literature and in this study 
with IGF2, PLAG1, HMGA2, and IGF1R variants (see Supplementary Table S2)

Our SRS cohort IGF2 HMGA2 PLAG1 IGF1R

IC1_LoM (%) Total (%) P-value Total (%) P-value Total (%) P-value Total (%) P-value

Reported variants
Truncated variant 6/19 (32) 8/19 (42) 7/9 (78) 23/108 (21)
Splicing variant 4/19 (21) 5/19 (26) 0/9 (0) 4/108 (4)
Missense — 9/19 (47) 3/19 (16) 1/9 (11) 71/108 (66)
In-frame del/ins 0/19 (0) 0/19 (0) 1/9 (11) 4/108 (4)
Intragenic deletion 0/19 (0) 3/19 (16) 0/9 (0) 6/108 (5)

Segregation analysis
De novo 13/18 (72) 6/15 (40) 2/9 (22) 8/74 (11)
Familial cases 5/18 (28) 9/15 (60) 7/9 (78) 66/74 (89)
Symptomatic parent — 2/5 (40) 9/9 (100) 7/7 (100) 56/68 (82)
Asymptomatic parent 3/5 (60) — — 12/68 (18)

Clinical features of evaluated patients
SGA 56/60 (93) 23/24 (96) ns 20/21 (95) ns 15/15 (100) ns 98/117 (84) ns
PNGR 54/61 (88) 23/23 (100) ns 21/21 (100) ns 15/15 (100) ns 186/202 

(92)
ns

Relative macrocephaly at birth 41/52 (79) 17/22 (77) ns 6/15 (40) b 4/9 (44) a 11/54 (20) c

Feeding difficulties 39/61 (64) 23/24 (96) b 14/17 (82) ns 12/13 (92) ns 55/110 (50) ns
Protruding forehead 47/59 (79) 20/24 (83) ns 14/20 (70) ns 10/13 (77) ns 21/66 (32) c

Body asymmetry 44/61 (72) 6/24 (25) c 1/19 (5) c 0/14 (0) c 1/64 (1.5) c

SRS clinical diagnosis (NH-CCS 
≥4)

61/73 (83) 20/23 (87) ns 13/17 (76) ns 9/10 (90) ns 22/68 (32) c

Intrauterine growth restriction 50/59 (84) 19/21 (90) ns 12/13 (92) ns 14/14 (100) ns 44/60 (73) ns
Dysmorphic features 50/56 (89) 21/22 (95) ns 18/20 (90) ns 12/13 (92) ns 44/92 (48) c

Microcephaly (OFC SDS < −2) 9/45 (20) 10/15 (67) c 5/8 (62) b 8/9 (88) c 85/108 (79) c

Postnatal relative macrocephaly 36/45 (80) 10/15 (67) ns 2/8 (25) b 1/9 (11) c 22/81 (27) c

Heart defects 6/48 (13) 10/22 (45) b 0/18 (0) ns 1/9 (11) ns 14/110 (13) ns
Genitalia abnormalities 7/62 (11) 7/23 (30) ns 2/18 (11) ns 1/9 (11) ns 6/110 (5.5) ns
Digital anomalies 41/57 (72) 16/22 (73) ns 5/18 (28) b 3/10 (30) b 22/93 (24) c

Skeletal malformations 2/51 (4) 5/22 (23) a 3/18 (17) ns 1/10 (10) ns 9/94 (10) ns
Motor delay 8/50 (16) 14/16 (87) c 1/13 (8) ns 3/9 (33) ns 20/98 (20) ns
Speech delay 9/50 (18) 11/16 (69) c 1/13 (8) ns 2/9 (22) ns 16/89 (18) ns
Intellectual disability 3/50 (6) 5/17 (24) a 0/13 (0) ns 1/9 (11) ns 24/106 (22) a

Endocrinological features of evaluated patients
Delayed bone age — 6/8 (75) 7/8 (88) 1/3 (33) 38/57 (67)
GH levels

Low 3/32 (9) 1/9 (11) ns 2/5 (40) ns 0/3 (0) ns 3/46 (7) ns
Normal 29/32 (91) 7/9 (78) ns 3/5 (60) ns 3/3 (100) ns 36/46 (78) ns
High 0/32 (0) 1/9 (11) ns 0/5 (0) ns 0/3 (0) ns 7/46 (15) a

Serum IGF-1 levels
Low — 1/16 (6) 1/13 (8) 0/6 (0) 2/102 (2)
Normal — 9/16 (56) 11/13 (84) 5/6 (83) 60/102 (58)
High — 6/16 (38) 1/13 (8) 1/6 (17) 40/102 (40)

The frequency of the sporadic and familial cases was calculated excluding those where segregation analysis was not assessed. The familial members reported with only short 
stature (#) and as asymptomatic were included in the count of the PNGR in the IGF1R cohort. Clinical data of (epi)genetic (IC1_LoM and UPD(7)mat) and genetic SRS 
patients were compared using Fisher’s exact test.
Abbreviations: NH-CSS, Netchine-Harbison Clinical Scoring System; ns, not significant; OFC, occipital-frontal circumference; PNGR, postnatal growth retardation; 
SGA, small for gestational age; SRS, Silver–Russell syndrome.
aP-value ≤ .05.
bP-value ≤ .01.
cP-value ≤ .001.
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entire group of cohorts (literature plus our data). Then 
we compared patients with (epi)genetic and mosaic alteration 
IC1_LoM vs patients with a genetic pathogenic variant in the 
IGF2-PLAG1-HMGA2 axis (genetic SRS) and in the IGF1R 
gene. As shown in Table 5, PLAG1, HMGA2, and IGF1R pa
tients exhibited a lower frequency of body asymmetry and of 
relative macrocephaly at birth and postnatal life, while IGF2 
patients displayed an increased frequency of feeding difficulties, 
heart defects, skeletal malformations, and developmental de
lay. Protruding forehead and dysmorphic facial features are 
less common in IGF1R patients. Furthermore, genetic SRS 
and IGF1R patients show postnatal microcephaly more fre
quently than IC1_LoM SRS.

Discussion
The diagnosis of SRS should be based on the presence of 
specific features defined by the NH-CSS (1); indeed, SGA 
and PNGR are recurrent in several childhood syndromic 
disorders, making hard to pinpoint the correct suspicion. 
Prompted by this challenging issue, we selected a cohort of pa
tients with NH-CSS  ≥ 4 score for a multistep analysis, aiming 
to identify promising candidate genes.

Our molecular results highlighted the genetic heterogeneity 
of our cohort, as we identified pathogenic or likely pathogenic 
variants in known SRS genes, in genes associated with syn
dromes in strong differential diagnosis with SRS, as well as 
in genes not strictly correlated with the syndrome, reaching 
a diagnostic rate of 9.1%.

The role of the IGF2-PLAG1-HMGA2 axis was confirmed 
revealing 1 variant in both IGF2 (SRS type 3) and HMGA2 
(SRS type 5) genes and 2 variants in the PLAG1 gene (SRS 
type 4). Summing up, according to our data, the diagnostic 
rate of IGF2-PLAG1-HMGA2 variants is 3% (4/132) in un
diagnosed and 1.8% (4/221) in our whole cohort of SRS 
with NH-CSS  ≥ 4. The number of pathogenic variants re
ported in the SRS genes, including in this study, is still limited: 
19 in the IGF2 gene, 19 in the HMGA2 gene, and 9 in 
PLAG1. Interestingly, our PLAG1 patients carried 1 missense 
variant and 1 in-frame variant, respectively, while in the litera
ture only 7 truncated variants have been reported (Table 5, 
Supplementary Table S1A and S1B) (26). Specifically, the in- 
frame deletion and the missense variants involve highly con
served amino acid residues, respectively, within the zinc-finger 
domains 6 and 7 of PLAG1 (34). In vitro analysis revealed 
that these 2 domains are responsible for the recognition of 
the consensus binding motifs in target genes, in particular 
the IGF2 P3 promoter, influencing its expression (35, 36).

A similar diagnostic rate was also detected for IGF1R var
iants, disclosing 5/132 patients (3.8%). A total of 108 IGF1R 
variants have been reported, which predominantly include mis
sense (66%), (Supplementary Table S1A and S1B) (26). Here, 
we describe 4 likely pathogenic missense IGF1R variants never 
reported in the literature. Variants in the IGF1R gene are 
associated with a diagnosis of IGF-1RES (MIM#270450), an 
SRS differential diagnosis characterized by SGA and PNGR, 
proportionate microcephaly at birth and/or postnatally, 
and normal or high levels of serum IGF-1 (37). A highly 
variable phenotypic expression, even intrafamilial, is reported 
(32, 38-41).

The availability of a large cohort of (epi)genetic IC1_LoM 
and UPD(7) mat SRS and the extensive review of literature 
on the SRS cases with germinal variant in the axis genes 

(genetic SRS) allowed us to compare the phenotype associated 
with the (epi)genetic disorder, described in the SRS consensus, 
with the clinical features of patients with genetic deregulation 
in the same pathway (Table 5). The comparison was extended 
to the IGF1R gene. As expected, all groups showed a NH-CSS   
≥ 4, sharing a significant pre- and postnatal growth retard
ation, even if only 32% of IGF1R cases reached a NH-CSS  
≥ 4.

The clinical comparison highlights important evidence re
garding macrocephaly and body asymmetry, considered the 
most pathognomonic features of the SRS phenotype. Data 
on relative macrocephaly at birth appear prevalent in patients 
with the (epi)genetic IC1_LoM (79%) and in those with IGF2 
variants (77%), while these features decrease to 40% in pa
tients with HMGA2 and PLAG1 variants and fall to 20% 
in the IGF1R cohort. Similarly, postnatal relative macroceph
aly is even more discrepant between (epi)genetic and genetic 
patients, varying from 80% of the IC1_LoM to 67% 
of IGF2 cases and even lower in HMGA2 (25%), PLAG1 
(11%), and IGF1R (27%) cases. Interestingly, both in 
genetic SRS and in IGF1R cases, the percentage of postnatal 
absolute microcephaly is significantly increased if compared 
to IC1_LoM (60-80% vs 18%). Table 5 shows that the fre
quency of body asymmetry is the most significant difference 
between (epi)genetic vs genetic SRS and IGF1R patients 
(73% vs 0-25%). This data underlines the association be
tween mosaicism and body asymmetry, also described as iso
lated features in IC1_LoM cases (3, 15, 42). Another physical 
trait distinguishing the IGF1R cohort from the SRS patients is 
the facial dysmorphism described in only half of the IGF1R 
patients. Notably, the phenotype associated with IGF2 var
iants appears more severe than that observed in IC1_LoM, 
mainly for the feeding difficulties, developmental delay, and 
heart anomalies.

In conclusion, our study expands the molecular landscape 
of SRS and underscores the importance of comprehensive mo
lecular testing in the diagnosis of patients with suspected SRS.

In our cohort, imprinting defects account for about 33% of 
cases, and the figure rises to 40% in SRS patients with 
NH-CSS score  ≥ 4. Our findings shed light on the role of 
SRS types of variants in the IGF2, PLAG1, and HMGA2 
genes, emphasizing their relevance in the pathogenesis of the 
syndrome. The study also reveals a comparable frequency of 
variants in the IGF1R gene across clinical SRS patients. 
Importantly, data collected in Table 5 display the high fre
quency of familial cases in HMGA2 (60%), PLAG1 (78%), 
and IGF1R (89%) patients (8, 10, 43-46), while 28% of 
IGF2 variants are paternally inherited, with only 2 cases of af
fected fathers, including our family (47).

Overall, IGF2-PLAG1-HMGA2 and IGF1R account for 
3.6% of undiagnosed SRS, with NH-CSS score  ≥ 4. The 
clinical review of the reported cases shows overlapping 
features between SRS and IGF-1RES patients, as well as the 
presence of some differences. This evidence prompted us to 
include IGF1R sequencing in the diagnostic workup for 
SRS. Moreover, due to the significant number of documented 
familial cases, with parents not necessarily displaying the 
phenotype, clinical parental studies and genetic counselling 
are recommended.
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