
ISSN 2234-3806 • eISSN 2234-3814 

https://doi.org/10.3343/alm.2021.41.4.401 www.annlabmed.org  401

Ann Lab Med 2021;41:401-408
https://doi.org/10.3343/alm.2021.41.4.401

Original Article
Diagnostic Genetics

Clinical Application of Sequential Epigenetic Analysis 
for Diagnosis of Silver–Russell Syndrome
Soo Yeon Kim , M.D.1, Chang Ho Shin , M.D.2, Young Ah Lee , M.D., Ph.D.3, Choong Ho Shin , M.D., Ph.D.3,  
Sei Won Yang , M.D., Ph.D.3, Tae-Joon Cho , M.D., Ph.D.2, and Jung Min Ko , M.D., Ph.D.4

1Pediatric Clinical Neuroscience Center, Department of Pediatrics, 2Division of Pediatric Orthopedics, Department of Orthopaedic Surgery, 3Division of 
Endocrinology, Department Pediatrics, and 4Division of Clinical Genetics, Department of Pediatrics, Seoul National University Children’s Hospital, Seoul 
National University College of Medicine, Seoul, Korea

Background: Silver-Russell syndrome (SRS) is a pre- or post-natal growth retardation dis-
order caused by (epi)genetic alterations. We evaluated the molecular basis and clinical 
value of sequential epigenetic analysis in pediatric patients with SRS.

Methods: Twenty-eight patients who met≥3 Netchine-Harbison clinical scoring system 
(NH-CSS) criteria for SRS were enrolled;26 (92.9%) were born small for gestational age, 
and 25 (89.3%) showed postnatal growth failure. Relative macrocephaly, body asymme-
try, and feeding difficulty were noted in 18 (64.3%), 13 (46.4%), and 9 (32.1%) patients, 
respectively. Methylation-specific multiplex ligation-dependent probe amplification (MS-
MLPA) on chromosome 11p15 was performed as the first diagnostic step. Subsequently, 
bisulfite pyrosequencing (BP) for imprinting center 1 and 2 (IC1 and IC2) at chromosome 
11p15, MEST on chromosome 7q32.2, and MEG3 on chromosome 14q32.2 was per-
formed.

Results:. Seventeen (60.7%) patients exhibited methylation defects, including loss of IC1 
methylation (N=14; 11 detected by MS-MLPA and three detected by BP) and maternal 
uniparental disomy 7 (N=3). The diagnostic yield was comparable between patients who 
met three or four of the NH-CSS criteria (53.8% vs 50.0%). Patients with methylation de-
fects responded better to growth hormone treatment.

Conclusions: NH-CSS is a powerful tool for SRS screening. However, in practice, genetic 
analysis should be considered even in patients with a low NH-CSS score. BP analysis de-
tected additional methylation defects that were missed by MS-MLPA and might be consid-
ered as a first-line diagnostic tool for SRS.
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INTRODUCTION

Silver–Russell syndrome (SRS, OMIM#180860) is a growth re-

tardation disorder characterized by asymmetric fetal growth re-

tardation and failure to catch up on growth postnatally. Since its 

first description by Silver [1] and Russell [2], additional clinical 

characteristics such as distinct facial features, relative macro-

cephaly, body asymmetry, clinodactyly of the fifth finger, or feed-

ing problems, have been well established [3, 4]. To date, the 

underlying molecular mechanisms have been identified for ap-

proximately 50%–70% of SRS cases. Loss of methylation (LOM) 

of imprinting center 1 (IC1) on chromosome 11p15 and mater-

nal uniparental disomy for chromosome 7 (mUPD7) account for 

approximately 30%–60% and 5%–10% of SRS cases, respec-
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tively [5-9]. Gain of methylation (GOM) of imprinting center 2 

(IC2), and copy number variations and sequence variants in 

CDKN1C, IGF2, PLAG1, or HMGA2 were recently identified as 

(epi)genetic alterations associated with SRS [10-15]. Somatic 

mosaicisms have also been reported in SRS cases [16, 17]. 

A better understanding of the molecular basis of SRS may 

provide additional information on the disease course and prog-

nosis for clinical practice and family counseling, and psychologi-

cal stability associated with closure of the diagnostic process. 

However, pre- and postnatal growth retardation are relatively 

common conditions influenced by several maternal or other en-

vironmental factors, as well as genetic background; therefore, 

detailed phenotyping before genetic analysis for SRS is essential 

in clinical practice. Many clinical diagnostic criteria have been 

proposed for this disease [7, 18-20], and the first international 

consensus on SRS in 2017 proposed a diagnostic algorithm, in 

which genetic analysis for 11p15 LOM and mUPD7 can be first 

considered for patients who meet four or more criteria of the 

Netchine-Harbison clinical scoring system (NH-CSS) [20]. How-

ever, some criteria cannot be always assessed in practice be-

cause of a lack of clinical data or a young patient age. 

A previous retrospective study on SRS patients from Hong 

Kong evaluated the performance of three different scoring sys-

tems and compared their sensitivity and specificity [21]. In the 

present study, we used a threshold of three or more criteria of 

the NH-CSS for Korean patients with clinical suspicion of SRS to 

identify the practical utility and limitations of the system for the 

first time and performed multi-staging molecular and in-depth 

phenotypic analyses.

MATERIALS AND METHODS

Patients and clinical information
This study, approved by the Institutional Review Board (IRB) of 

Seoul National University Hospital, Seoul, Korea (IRB number 

1805-156-948), was conducted between January 2018 and 

July 2020. Twenty-eight patients or their legal representatives 

provided written informed consent. Inclusion criteria were deter-

mined based on the NH-CSS [22]: (1) small for gestational age 

[SGA; birth weight and/or birth length ≤2 standard deviation 

score (SDS)], (2) postnatal growth failure (height at 24 ±1 

months ≤−2 SDS or height ≤−2 SDS below the midparental 

target height), (3) relative macrocephaly at birth (head circum-

ference at birth ≥1.5 SDS above the birth weight and or length 

SDS), (4) frontal bossing [forehead projecting beyond the facial 

plane on a side view as a toddler (1–3 years)], (5) body asym-

metry [leg length discrepancy (LLD) ≥0.5 cm, arm asymmetry, 

or LLD <0.5 cm with at least two other asymmetrical body parts 

(one non-face)], (6) feeding difficulties and/or low body mass 

index (BMI ≤−2 SDS at 24 months) or a history of feeding tube 

use in infancy. We enrolled patients who met three or more of 

the above criteria of the NH-CSS. We further modified the con-

ventional application of NH-CSS criteria for assessing older pa-

tients without detailed infantile or perinatal records. In particular, 

relative macrocephaly at birth was replaced by anthropometric 

values at the initial examination, if birth data were unavailable; 

feeding difficulty was defined as feeding tube usage until a post-

menstrual age of 44 weeks; and postnatal growth failure and 

low BMI were also considered to be present, if the value mea-

sured nearest to 24 months of age was below 2 SDS. Patients 

who had other known causes for growth retardation were ex-

cluded from the study. Among the 28 patients enrolled, 15 

(53.6%) were males. The median age at the first examination 

was 12 months (range, 0–117 months), and the median follow-

up duration was 19 months (range, 1–137 months). 

Physical growth data were evaluated based on Korean refer-

ence data and were expressed as SDS [22]. All data, including 

birth history, serial growth and developmental status, and exam-

ination results, were collected from medical records. 

Genetic/epigenetic analysis
Peripheral blood samples (6 mL) were obtained from 28 pa-

tients. Genomic DNA was isolated from peripheral blood leuko-

cytes using a Wizard Genomic DNA Purification kit (Promega, 

Madison, WI, USA) according to the manufacturer’s instruc-

tions. A two-step molecular analysis strategy was adopted. The 

genomic DNA was subject to methylation-specific multiplex liga-

tion-dependent probe amplification (MS-MLPA) on chromo-

some 11p15 as the first diagnostic step. Bisulfite pyrosequenc-

ing (BP) analysis for IC1 and IC2 at chromosome 11p15 was 

then performed in all patients to validate the MS-MLPA results. 

BP for MEST on chromosome 7q32.2 and MEG3 on chromo-

some 14q32.2 was also performed in patients who did not ex-

hibit methylation defects on IC1 and IC2 at 11p15. 

MS-MLPA analysis was conducted using a SALSA MLPA kit 

(ME030 BWS/SRS, MRS Holland, Amsterdam, Netherlands) 

according to the manufacturer’s instructions. Probes were hy-

bridized to denatured genomic DNA, and hybridized samples 

were divided into two portions for separate analyses: (1) direct 

ligation or (2) digestion with the HhaI methylation-specific re-

striction enzyme before ligation. After ligation, PCR was per-

formed using fluorescence-labeled unique primers for probe 
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sets provided in the SALSA MLPA kit, ME030 BWS/SRS, includ-

ing IC1 and IC2. The former analysis identifies changes in the 

copy number of CDKN1C, KCNQ1, KCNQ1OT1, IGF2, and 

H19, and the latter analysis determines the methylation status 

of IC1 and IC2 on 11p15. Amplified products were separated 

on an ABI3130xl Genetic Analyzer (Applied Biosystems, CA, 

USA) and analyzed using GeneMarker v.1.9 software (SoftGen-

etics, Pittsburgh, PA, USA).

BP was performed for IC1 and IC2 on 11p15, MEST on 7q32.2, 

and MEG3 on 14q32.2 using internally designed targeted as-

says covering 3–7 consecutive CpG sites for each locus (Table 

1). Sodium bisulfite-modified genomic DNA was amplified using 

the Hot-Start Taq master mix (Qiagen, Hilden, Germany). Re-

gions of interest were amplified using PCR, and pyrosequencing 

was carried out using a PyroMark Q24 pyrosequencer (Qiagen) 

according to the manufacturer’s protocol. Output data were an-

alyzed using PyroMark Q24 1.0.10 Software (Qiagen), which 

calculates the methylation levels [%mC=mC/(mC+C)] for each 

CpG site, allowing for quantitative comparisons. Altered DNA 

methylation levels (%mC) at IC1 or IC2, MEST, and MEG3 were 

calculated based on the average DNA methylation level detected 

in 20 samples from age- and sex-matched healthy Korean chil-

dren (as controls), who agreed with the present study and writ-

ten consent.

Statistical analysis
Statistical analyses were performed to compare clinical features 

between mutation positive and negative groups and determine 

the factors that favor such (epi)genetic defects. The Student’s t-

test was employed for continuous variables and Pearson’s chi-

square test for categorical ones using the IBM SPSS Statistics 

22 software suite (IBM Corp., Armonk, NY, USA). The value of 

statistical significance was set at P <0.05. Statistical processing 

of BP result for the control group was conducted using the Mi-

crosoft Office Excel software. Reference values are presented as 

the mean±2SD, and methylation levels outside the reference 

values were considered as GOM or LOM.

RESULTS

Phenotypic characteristics
According to the NH-CSS, 13 patients (46.4%) met three diag-

nostic criteria while eight (28.7%), five (17.9%), and two (7.1%) 

patients met four, five, and six criteria, respectively. All except 

for two (92.9%) patients had low birth weight (≤−2 SDS). Post-

natal growth was retarded in 25 patients (89.3%), and 18 

(64.3%) patients showed relative macrocephaly. A frontal boss-

ing and clinodactyly of the fifth finger were noted in 16 (57.1%) 

and 14 (50.0%) patients, respectively. LLD was noted in 13 

(46.4%) patients. 

Recombinant human growth hormone (rhGH) therapy (35–70 

μg/kg daily) was started in 10 patients at a median age of 4.8 

years (range, 2.8–9.8 years). Six patients continued the treat-

ment until the last follow-up, with an average treatment duration 

of 4.0 years (range, 1.3–8.3 years), while four patients discon-

tinued treatment after around 5.0 years (range, 2.5–11.5 years) 

of treatment initiation. After rhGH treatment, five patients 

showed catch up in height over+1.5 SDS.

Molecular analysis and diagnostic yield
Epigenetic defects were confirmed in 17 of the 28 patients, for 

an overall diagnostic yield of 60.7% (Table 2). MS-MLPA identi-

fied LOM in IC1 (IC1-LOM) in 11 patients (39.3%). None of the 

patients had a copy number variation at 11p15. BP for 11p15 

detected methylation defects in the 11 patients for whom a di-

agnosis was obtained using MS-MLPA and in three patients 

(10.7%) who did not show abnormal results on MS-MLPA (Pa-

tients 7–9). Patient 7 was SGA (−2.69 SDS) and failed to catch 

up on growth; he showed no definite macrocephaly or distinc-

tive facial characteristics but had a definite LLD (NH-CSS score 

of 3). Patients 8 and 9 were also SGA, exhibited postnatal 

growth retardation, and had distinctive facial characteristics 

suggestive of SRS along with relative macrocephaly. The BP re-

sults for 7q32 and 14q32.2 led mUPD7 diagnosis in 3 (10.7%) 

patients; however, none of these patients had methylation de-

Table 1. Primers used for bisulfite pyrosequencing

Gene Gene location (chromosome) Forward primer (5´ to 3´) Reverse primer (5´ to 3´) Sequencing primer (5´ to 3´)

IC1 (H19/IGF2) 11p15.5 TGAGTGTTTTATTTTTAGATGATTTT GTTGTGATGTGTGAGTTTGTATTGT GTGGTTTGGGTGATT

IC2 (KCNQ10T1) 11p15.5 GTGATGTGTTTATTATT TGGAGGTTTGTGGGYGTTTAG GTGATGTGTTTATTATT

MEST 7q32.2 AGGGGAGGGTTTTTGTAGTAGAAT ACCACAAAAATAAAATACCCCTCT AGGGTTTTTGTAGTAGAATT

MEG3 14q32.2 GTAGTAAAGAAGGGAGGAAAAAATT CCCCCACACATTATACCTAAATTC GTGTTTTTGGTAGTTATGATTAATA

Abbreviations: IC1, imprinting center 1; IC2, imprinting center 2.
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fects on 14q32.2.

Six of the seven patients (85.7%) who met five or more crite-

ria of the NH-CSS were confirmed to have methylation defects 

(IC1-LOM in five patients and mUPD7 in one patient). Molecu-

lar confirmation was achieved for four out of the eight (50.0%) 

patients with four NH-CSS criteria, and for seven out of the 13 

patients (53.8%) with three NH-CSS criteria, which did not rep-

resent a significant difference in diagnostic yield.

Comparison of the genetic and phenotypic spectrum
The average gestational age and body weight were similar be-

tween patients with and without (epi)genetic variants (Table 3). 

The frequencies of each NH-CSS criterion were comparable be-

tween the two groups, except for body asymmetry, which was 

more frequent in the patients with variants (P =0.024). Addition-

ally, relative macrocephaly was noted more frequently in the pa-

tients with (epi)genetic variants (P =0.097).

The rhGH treatment response was different according to vari-

ant status (Fig. 1). However, the age at treatment and doses of 

rhGH administered were not different between the patients with 

or without epigenetic defects. Six of the seven patients who car-

ried a methylation defect (IC1-LOM in four patients and mUPD7 

in two patients) showed catch up in height (average +2.0 SDS, No
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Table 3. Comparisons of clinical characteristics between patients 
with and without an epigenetic variant

Epigenetic 
variant (N=17)

No epigenetic 
variant (N=11)

P

Birth weight (average SDS) −2.68 −2.41 0.505

Gestational age 
[weeks on average (range)]

37.8 (32.7–40.6) 37.5 (32.6–40) 0.551

NH-CSS criteria [N, (%)]

Small for gestational age 15 (88.2) 11 (100.0) 0.505

Postnatal growth retardation 14 (82.4) 11 (100.0) 0.258

Relative macrocephaly 13 (72.2) 5 (45.5) 0.097

Frontal bossing 12 (64.7) 5 (45.5) 0.441

Body asymmetry 11 (64.7) 2 (18.2) 0.024*

Feeding difficulties 4 (23.5) 5 (45.5) 0.409

Other manifestations [N, (%)]

Triangular face 10 (58.8) 4 (36.4) 0.440

Prominent ears 9 (52.9) 4 (36.4) 0.460

Clinodactyly on 5th fingers 10 (58.8) 4 (36.4) 0.440

Developmental delay [N, (%)] 8 (47.1) 2 (18.2) 0.226

*Statistically significant at P <0.05.   
Abbreviations: SDS, standard deviation score; NH-CSS, Netchine-Harbison 
clinical scoring system.
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MLPA were located within the 95% confidence interval of the 

reference values and could not be classified as abnormal, even 

though the probe ratios slightly deviated from the center of the 

ratio chart. The limitations of MS-MLPA are well known, and cli-

nicians should bear in mind the possibility of false-negative re-

sults, especially in cases of high suspicion for SRS [24, 26]. In 

contrast to MS-MLPA, BP analysis provides quantitative values 

for methylation abnormalities and increases the diagnostic yield, 

particularly in cases with mild and marginal methylation abnor-

malities [24]. Therefore, BP should be considered in patients 

for whom a diagnosis of SRS is highly suspected, even if they 

showed negative results in MS-MLPA. 

Three patients with mUPD7 (Patients 10, 11, and 21) were 

also diagnosed as having SRS using BP. We did not find any dif-

ferences in auxological parameters between the IC1-LOM and 

mUPD7 subgroups. According to previous studies, patients with 

mUPD7 tend to have more neurocognitive problems, including 

global developmental delay or learning disability, whereas clas-

sic SRS phenotypes are noted more frequently in patients with 

IC1-LOM [20, 27]. In the present cohort, none of the patients 

with mUPD7 had body asymmetry, even though they had facial 

characteristics and other clinical findings typical of SRS. More-

over, none of these patients exhibited neurocognitive problems. 

The degree of methylation abnormality detected by BP was also 

not clearly correlated with the NH-CSS score or phenotypic se-

verity in our cohort. These results suggest that patients with SRS 

with different genotypes are on a “phenotype continuum” rather 

than in distinguishable subgroups. 

range +0.05 to +3.30 SDS) during the treatment period (median 

duration, 50 months; range, 5–100 months). In contrast, the 

rhGH treatment response was worse in the remaining three pa-

tients who did not have a methylation defect.

DISCUSSION

In this study, the modified application of the NH-CSS criteria ex-

hibited powerful predictive value for the screening of patients 

with SRS, despite its limitations in practice. The overall diagnos-

tic yield was 60.7%, which was comparable to the results of 

other large-cohort studies [20, 24, 25]. In particular, a similar 

diagnostic yield was obtained for patients who met three or four 

criteria of the NH-CSS (53.8% vs 50.0%). In detail, seven out of 

the 13 patients who met three NH-CSS criteria were confirmed 

to have a methylation defect, and all of them had limb asymme-

try and/or relative macrocephaly. Therefore, these results sug-

gest SRS diagnosis and the necessity for active molecular analy-

sis in borderline patients assessed using the NH-CSS. Neverthe-

less, other clinical characteristics, including frontal bossing, a 

triangular face, and feeding difficulties, remain important criteria 

for the screening of SRS. 

The additional diagnostic yield of BP is well established [25, 

26]. We conducted a two-step diagnostic test and obtained ad-

ditional genetic confirmation of IC1-LOM in three patients 

(10.7%; Patients 7, 8, and 9). These patients were not border-

line patients but rather showed characteristics leading to a high 

suspicion of SRS. However, their methylation levels from MS-

Fig. 1. Height changes during recombinant human growth hormone (rhGH) treatment in 10 patients. The values after each patient num-
ber in parentheses indicate the tendency of standard deviation scores (SDS) of the height of the patient at the beginning and at the last 
point of rhGH treatment. Pt, patient. 
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criteria, especially if they have limb asymmetry or relative mac-

rocephaly. BP analysis can be added to MS-MLPA or performed 

as a first-tier test in cases of high clinical suspicion. Such mo-

lecular confirmation could facilitate providing appropriate and 

timely medical support.
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