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Abstract 

Background:  Pathogenic CDKN1C gain-of-function variants on the maternal allele were initially reported as a cause 
of IMAGe syndrome characterized by intrauterine growth retardation, metaphyseal dysplasia, primary adrenal insuffi-
ciency and genital anomalies. Recently, a maternally inherited CDKN1C missense mutation (p.Arg279Leu) was identi-
fied in several members of a single family clinically diagnosed with Silver–Russell syndrome (SRS) but without adrenal 
insufficiency. Thereafter, two half siblings from UK with familial SRS were described who carried the same mutation. 
This specific amino acid change is located within a narrow functional region containing the mutations previously 
associated with IMAGe syndrome.

Results:  Here, we describe a third familial case with maternally inherited SRS due to a missense variant affecting the 
same amino acid position 279 but leading to a different amino acid substitution (p. (Arg279Ser)). The two affected 
family members (mother and son) presented with the complete SRS phenotype (both Netchine–Harbison CSS score 
5 of 6) but without body asymmetry or adrenal insufficiency.

Conclusions:  In comparison with loss-of-function genomic IGF2 mutations, CDKN1C gain-of-function mutations are 
a less frequent cause of SRS and seem to affect a cluster of few amino acids.
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Background
The cyclin-dependent kinase inhibitor 1C (CDKN1C) is 
a down-regulator of cell proliferation; CDKN1C inhibits 
the cyclin/CDK complexes of the G1 phase (for review: 
[1]). It is encoded by the imprinted CDKN1C gene on 
11p15.5 which is expressed from the maternal allele only 
[1]. The gene product binds to the cyclin/CDK complex 
by its C-terminal PCNA-binding domain and exhibits 
activity by the N-terminal CDK inhibitor domain which 
is linked to the binding domain by the central PAPA 
domain [1]. Loss-of-function variants of the mater-
nal allele have been associated with phenotypes of the 

Beckwith–Wiedemann spectrum (BWSp) [2]. Gain-of-
function variants have been identified in individuals with 
IMAGe syndrome [3], in two families with Silver–Russell 
syndrome (SRS) [4, 5] and in a third family with an unde-
fined short stature syndrome, and early adult onset dia-
betes mellitus [6].

BWSp is characterized by a congenital overgrowth phe-
notype with additional features including macroglossia, 
exomphalos, lateralized overgrowth and hyperinsulin-
ism. It is an imprinting disorder caused by diverse genetic 
and epigenetic defects within the two imprinting cent-
ers (IC1, IC2) in 11p15.5 encompassing the coding genes 
IGF2, H19, CDKN1C and KCNQ1. In 5% of sporadic and 
20% of familial BWS cases, genomic CDKN1C variants 
are detected that are distributed over the whole coding 
region and are predicted to cause loss of function [2].
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IMAGe syndrome is a very rare disorder with intra-
uterine growth restriction, metaphyseal dysplasia, 
adrenal hypoplasia and insufficiency as well as genital 
anomalies. In children with IMAGe syndrome, variants 
of the maternal CDKN1C allele narrowly cluster within 
five amino acids of the PCNA-binding domain and are 
thought to confer gain of function [3, 7].

SRS is an imprinting disorder with congenital growth 
retardation, relative macrocephaly, body asymme-
try, prominent forehead, low BMI and severe postna-
tal growth failure resembling part of the features of 
IMAGe syndrome [8]. The two major epigenetic causes 
of SRS are hypomethylation of the IC1 on 11p15.5 
(50% of cases) [9] and maternal uniparental disomy of 
chromosome 7 (upd(7)mat) (10%) [10]. In some indi-
viduals with SRS, different alterations of the 14q32.2 
imprinted region were detected, changes that were pre-
viously associated with Temple syndrome [11]. Rarely, 
pathogenic variants of IGF2, HMGA2 and PLAG1 are 
observed [12, 13]. In addition, two familial SRS cases 
were described with the identical missense muta-
tion of CDKN1C within the PCNA-binding domain 
(NM_000076.2: c.836G>T; p.(Arg279Leu)) [4, 5]. In 
contrast to IMAGe syndrome, adrenal insufficiency 
and metaphyseal dysplasia were absent, but the variant 
was located within the cluster of IMAGe mutations [4, 
5]. Very recently, a sporadic case with SRS having the 
novel CDKN1C variant p.(Arg316Gln) was described 
by Inoue et al., who performed multigene sequencing in 
92 Japanese patients with unexplained SRS [14].

Here,we describe in detail a familial SRS case caused 
by a novel CDKN1C missense variant affecting the 
same amino acid as in the two SRS families previously 
reported but leading to a different amino acid substitu-
tion (Table 1).

Results
The index patient and his mother underwent routine 
molecular genetic diagnostics, thereby IC1 hypomethyla-
tion, upd(7)mat and 14q32.2 alterations were excluded. 
Exome sequencing revealed a novel heterozygote 
CDKN1C (NM_000076.2) c.835C>A variant predicting 
the substitution of the evolutionary highly conserved 
arginine by serine (p.(Arg279Ser)) [3]. This variant is 
absent from public databases (dbSNP, gnomAD) as well 
as from > 5000 in-house exome datasets from individu-
als with unrelated phenotype. In silico analysis predicts 
the variant as pathogenic (e.g., SIFT (v6.2.1): Deleterious 
(score: 0, median sequence conservation: 3.26), Mutation-
Taster: disease causing (prob: 0.943)) [15, 16]. According 
to the American College of Medical Genetics (ACMG) 
guidelines, the formal criteria PS1, PS3, PS4 and PP1 are 
fulfilled; therefore, the variant can be characterized as 
pathogenic [17].

The male index patient and his mother are affected 
(Fig.  1; pedigree). The maternal grandmother of the 
index patient is an asymptomatic carrier of the vari-
ant. The great-grandfather is not a carrier of the variant. 
The great-grandmother had deceased, and no material 
was available for genetic analysis. Testing of the healthy 
younger sister of the index patient (now one year of age) 

Table 1  Characteristics of family members with/out CDKN1C mutation

NHCSS Netchine–Harbison clinical scoring system [8], Y yes, N no, na not available, SDS standard deviation score, nd not done
a  Serum cortisol and ACTH were measured before 10 a.m.

Individual; sex IV,1; m IV,2; f III,2; f III,3; m II,2; f II,3; f I,1; m

Diagnosis of SRS Y N Y N N N N

NHCSS score 5/6 0/6 5/6 0/6 0/6 0/6 na

Genotype C/A C/C C/A C/C C/A C/C C/C

Weeks of gestation; w 33.1 37.9 40.0 39.0 40.0 40.0 na

Birth length; cm; SDS 31.5; − 5.74 49; − 0.01 41; − 5.38 54; + 1.92 52; + 1.04 52; + 1.04 na

Birth weight; g; SDS 770; − 4.26 2485; − 1.75 1560; − 5.21 4220; + 1.59 2800; − 1.73 3900; + 0.87 na

Head CCF at birth; cm; SDS 25.5; − 3.54 30.0; − 2.87 31.0; − 2.14 36.0; + 0.83 na 35.0; + 0.35 na

Head CCF at approx. 2 years; cm; SDS 46,0; − 2.20 na 44.3; − 2.40 na na na na

Adult height; cm na na 140.0 185.0 158.8 170 165

Relative macrocephaly Y na Y na na na na

Prominent forehead Y N Y N N N na

Feeding difficulties Y N Y N N N na

Body asymmetry N N N N N N na

ACTH; pmol/l 3.5 nd nd nd 5.3 nd nd

Cortisola; nmol/l 265 nd 309 nd 204 nd nd
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showed wild-type sequences. The height of the healthy 
father (III,1) of the index patient is 176.2 cm.

The index patient (IV,1) was born at 33.1  weeks of 
gestation by caesarian section because of a pathologi-
cal cardiotocogram. Intrauterine growth restriction and 
oligohydramnios were evident during the last weeks of 
gestation. He was severely small for gestational age: Birth 
weight was 770  g (− 4.3 SDS) and birth length 31.5  cm 
(− 5.7 SDS). He had relative macrocephaly at birth with 
a head circumference of 25.5  cm (− 3.5 SDS). Infancy 
was complicated by feeding difficulties. He reached the 
motor milestones delayed with free walking at the age 
of 21 months. Speech development was normal. A bilat-
eral cryptorchidism required orchidopexy at the age of 
15 months.

The index patient presented first to us at the age of 
22 months. He had relative macrocephaly with a promi-
nent forehead, a triangular face with a very small chin, 
low-set, protruding and retroverted ears, but no body 
asymmetry (Fig.  2; at the age of 4.1  years). His length 
was 65.6  cm (− 5.9 SDS) and his weight 5.3  kg (BMI: 
− 4.4 SDS). His mental development status was normal. 
His postnatal height velocity was low, without catch-up 
growth (Fig. 3). Serum insulin-like growth factor-1 (IGF-
1) was low–normal with 58  ng/ml (− 1.63 SDS), and 
insulin-like growth factor-1 binding protein-3 (IGFBP-3) 
was 2.332 ng/ml (− 0.98 SDS).

Treatment with recombinant human GH (rhGH) was 
started at the age of 4.1 years. At that time, blood analy-
sis revealed normal values for cortisol, IGF-1 and IGF-2. 
Now, after 7.5 months of treatment, growth response was 
good with a height velocity of 9.9 cm/year (Fig. 3), which 

corresponds to + 0.25 studentized residuals based on an 
SGA reference group treated with rhGH [19].

The affected mother (III,2) was diagnosed with SRS at 
the age of 1.1 years based on intrauterine growth retar-
dation (term birth length 41 cm, − 5.4 SDS; birth weight 
1560 g, − 5.2 SDS), relative macrocephaly (head circum-
ference at 18 months of age 44.3 cm, − 2.4 SDS), promi-
nent forehead, early feeding difficulties, failure to thrive 
and low BMI. Serum IGF-1 was 109  ng/ml (0.02 SDS) 
and IGFBP-3 was 3577 ng/ml (0.44 SDS), which was quite 
normal. Stimulated GH secretion was high–normal with 
a peak of 29.6 ng/ml after arginine challenge. Spontane-
ous nocturnal GH secretion was very high with a mean 
GH serum concentration of 13.1 ng/ml and peaks of 50.8, 
17.9 and 22.5 ng/ml (blood collection from 8.30 p.m. to 
8.00 a.m.). There were no clinical signs of adrenal insuf-
ficiency; in contrast, adrenarche with pubarche started 
precociously at the age of 6.8 years.

Treatment with rhGH was started at the age of 
6.0  years, when bone age was 4.2  years. At that time, 
her height was 94.7  cm (− 5.0 SDS). Response to rhGH 
(60 µg/kg*d) was moderate with first year growth veloc-
ity of 8.8  cm/year, which corresponds to − 0.92 studen-
tized residuals based on an SGA reference group treated 
with rhGH [19]. Figure  3 depicts the growth chart of 
the mother of the index patient. Her puberty began at 
the age of 10.2 years and was blocked by the use of the 
GnRH agonist Leuprorelin for 2.5  years. Her menarche 
age was 13.5 years. GH treatment was stopped at the age 
of 14.3 years when she reached an adult height of 140 cm 
(− 4.2 SDS) (Fig. 2). The gain in height was 0.8 SDS over 
the whole treatment period. The maternal grandmother 
(II,2) has an adult height of 158.8 cm and no signs of SRS 
(Fig. 2).

Discussion
This is the third familial case of SRS associated with a 
missense mutation of the PCNA-binding domain of 
CDKN1C. The pedigree of the reported family and the 
genetic findings of the members clearly support a causa-
tive relationship. Adrenal insufficiency was absent in 
mutation carriers excluding IMAGe syndrome, whose 
causative missense mutations cluster within the same 
region of CDKN1C. The phenotype of the index patient 
and his mother is explained by maternal inheritance of 
the pathogenic CDKN1C variant. The absence of Sil-
ver–Russell syndrome in the maternal grandmother 
could be due to inheritance of the mutant allele from 
the great-grandfather, but the great-grandfather is not 
a carrier of the variant. We speculate that the change 
most likely occurred de novo on the paternal allele. 
Though functional studies of the novel CDKN1C muta-
tion p.(Arg279Ser) were not conducted, the functional 

Fig. 1  Pedigree of the family. The two affected family members 
(index IV,1 and mother III,2) carry the mutation c.835C > A as well as 
the unaffected maternal grandmother (II,2) who is likely to have the 
mutation de novo. The arrow indicates the index patient
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Index patient IV,1  (4.1 y old)

Mother of the index patient III,2 (32.0 y old)

Maternal grandmother  II,2 (62.0 y old)

Fig. 2  Photographs of index patient, his affected mother and his unaffected maternal grandmother
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data from Brioude et  al. of the variant NM_000076.2: 
c.836G>T, p.Arg279Leu obtained from HEK293 cells 
suggested increased protein stability as the mechanism 
conferring gain-of-function [4]. Similarly, the in  vitro 
analysis of a novel CDKN1C variant p.(Arg316Gln) 
detected in a sporadic case with SRS from Japan, which 
affects an amino acid at the very end of the PCNA 
domain, suggested increased protein stability as the bio-
chemical mechanism [6].

Body asymmetry, a frequent characteristic in SRS 
caused by mosaic IC1 hypomethylation, was absent in the 
index patient and his affected mother. This is in agree-
ment with the previous clinical findings in patients with 
the p.Arg279Leu variant [4, 5], the sporadic case from 
Japan [6] and other patients with SRS and genomic muta-
tions of IGF2 which were not mosaic [20–24]. In agree-
ment with a previous report [5], IGF-1 serum levels were 
normal in the index patient and his mother. The mother 
of the index patient had increased nocturnal GH secre-
tion, which may resemble compensatory hypersecretion.

The efficacy of the mother’s treatment with rhGH 
for eight years and the GnRH agonist leuprorelin for 
2.5  years was moderate with a total gain in height SDS 

of just 0.8. A similar outcome was reported for a French 
girl with SRS due to the CDKN1C missense mutation 
p.Arg279Leu, who gained approximately 0.7 height SDS 
during five years of rhGH treatment [4]. A much better 
outcome had her affected sister, who gained approxi-
mately 2.5 height SDS. She was started early on rhGH 
and was treated for 9  years [4]. Her early puberty was 
treated with the GnRH agonist triptorelin for 2.5  years 
and with cyproterone acetate for further 3  years [4]. 
These individual outcomes reflect the variability of treat-
ment responses we observe in Silver–Russell syndrome 
[25].

Since the first report of a genomic IGF2 mutation in 
familial SRS by Begemann et  al. [12], eleven additional 
IGF2 mutations in only sporadic cases were reported 
[13, 20–24]. This number is not high, but higher than 
the three families and one sporadic case reported with 
genomic CDKN1C mutations and SRS ([4–6], this study). 
It is unlikely that a technical bias hinders the detection of 
CDKN1C mutations in SRS. A possible explanation of the 
different prevalence is the qualitative difference between 
loss-of-function (IGF2) and gain-of-function muta-
tions (CDKN1C). The spectrum of CDKN1C mutations 

Fig. 3  Growth charts of index patient and his affected mother. The percentiles shown are according to Prader et al. [18]. The “rhGH” arrows indicate 
the start and the cessation of treatment with recombinant GH. The “LHRHa” arrows indicate the start and the cessation of treatment with an LHRH 
agonist. The “TH” arrow indicates the target height of the mother. The index patient’s target height could not be determined, because his mother is 
affected
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causing SRS seems to be restricted to two amino acids of 
the protein. In contrast, mutations causing IGF2 loss-of 
function and SRS scatter through the whole gene encom-
passing different types of mutations (nonsense, missense, 
deletion, insertion, frame shift). This qualitative differ-
ence is likely to implicate a higher probability for the 
occurrence of loss-of-function mutations in IGF2.

With respect to CDKN1C variants and intrauterine 
growth retardation, the current literature reports now 
a total of 12 cases with IMAGe syndrome and adrenal 
insufficiency, comprehensively summarized by Sun-
tharalingham et al. [26], 4 cases with SRS ([4, 5, 14], and 
this study) and a single case with an undefined short stat-
ure syndrome with early manifestation of diabetes mel-
litus [6]. Variants causing IMAGe syndrome affected 
codons 272, 274, 276, 278 and 279 of the PCNA domain, 
while variants found in SRS changed codons 279 and 316 
and were therefore located toward the carboxy-terminal 
region of the PCNA domain [26]. The same was true for 
the family with the undefined short stature syndrome 
and early adult onset diabetes mellitus with a codon 281 
variant [6]. This analysis suggests that the genomic loca-
tion of the variant and the type of missense mutation 
defines the phenotype [26]. The severity of intrauterine 
growth restriction in IMAGe syndrome reported in the 
literature ranged from − 2.5 to − 3.8 birth weight SDS 
and was not different to SRS caused by CDKN1C muta-
tions with a range from − 2.5 to − 5.2 birth weight SDS. 
In all instances of CDKN1C variants experimentally stud-
ied, increased stability of the protein was found in vitro.

Based on the available data, it is recommended to per-
form molecular analysis of CDKN1C together with IGF2, 
HGMA2 and PLAG1 in patients with SRS that were nega-
tive for the frequent epigenetic disruptions including IC1 
hypomethylation. In all cases with functional CDKN1C 
variants, adrenal insufficiency should be excluded.

Conclusions
In conclusion, familial SRS is rarely caused by gain-of-
function mutations in CDKN1C, which seems to cluster 
to a very narrow region. The phenotype resembles SRS 
without body asymmetry.

Materials and methods
Clinical data were extracted from the clinical file records 
or requested from the family members. Birth parameters 
are given in SDS according to Niklasson et al. [27]. Aux-
ological data of childhood and adolescence are given in 
SDS according to Prader et al. [18].

Exome sequencing was performed on genomic DNA 
from the index patient and his affected mother. In brief, 
exonic regions were enriched with a SureSelect Human 
All Exon Kit V6 (Agilent technologies, Santa Clara, 

California) and sequenced as 2 × 125  bp paired-end 
reads on an HiSeq2500 system (Illumina, San Diego, 
California). Generated sequence data were analyzed 
with the megSAP pipeline (https​://githu​b.com/imgag​
/megSA​P). Prioritization of disease-associated vari-
ants was conducted according to an in-house standard 
operating procedure and included different filtering 
steps including the allele frequency of identified vari-
ants (e.g., MAF < 0.1% in 1000 g, ExAC or gnomAD, in-
house database) as well as predicted effects on protein 
level. Variant confirmation and testing of additional 
family members were done by Sanger sequencing. 
Primers and PCR conditions are available upon request.

Abbreviations
CDKN1C: Cyclin-dependent kinase inhibitor 1C; BWSp: Beckwith–Wiedemann 
spectrum; SRS: Silver–Russell syndrome; IC: Imprinting centers; upd(7)mat: 
Uniparental disomy of chromosome 7; SDS: Standard deviation score; IGF-1: 
Insulin-like growth factor-1; IGF-2: Insulin-like growth factor-2; IGFBP-3: Insulin-
like growth factor-1 binding protein-3; rhGH: Recombinant human GH.

Acknowledgements
We like to thank the family for their willingness to take part in this study. We 
are thankful to P-M Weber for drawing Fig. 3.

Authors’ contributions
GB wrote the study plan, requested the ethical approval, contacted the family, 
examined the patients and was the major contributor in writing. JZ examined 
the patients and approved the final manuscript. RS examined the patients, 
calculated the studentized residuals and approved the final manuscript. TBH 
and TH performed the exome sequencing and part of the familial mutation 
analyses, contributed to writing of the manuscript and approved the final 
manuscript. TE performed the familial mutation analysis, contributed to writ-
ing of the manuscript and approved the final manuscript. All authors read and 
approved the final manuscript.

Funding
TE and TBH were supported by Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation—EG110/15-1; 948/32-1 FUGG to TE and 418081722 
to TBH).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Ethics approval and consent to participate
The study was reviewed by the Ethics Committee of the Medical Faculty of 
Tübingen (822/2018BO2). All individuals and caregivers gave written informed 
consent before participation. The study was performed in accordance with 
the Declaration of Helsinki of the World Medical Association.

Consent for publication
Consent for publication of photography was given by the adult individuals 
and by the caregivers of the child.

Competing interests
GB has received honoraria for lectures from Ferring, Ipsen, Lilly, Merck Serono, 
Novo Nordisk, Pfizer and Sandoz and for membership in advisory boards from 
Ferring, Ipsen, Novo Nordisk and Pfizer. The other authors have nothing to 
declare.

Author details
1 Pediatric Endocrinology, University Children’s Hospital, Hoppe‑Seyler‑Strasse 
1, 72076 Tübingen, Germany. 2 Institute of Medical Genetics and Applied 

https://github.com/imgag/megSAP
https://github.com/imgag/megSAP


Page 7 of 7Binder et al. Clin Epigenet          (2020) 12:152 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Genomics, University of Tübingen, Tübingen, Germany. 3 Institute of Human 
Genetics, Medical Faculty, RWTH Aachen University, Aachen, Germany. 

Received: 28 May 2020   Accepted: 8 October 2020

References
	1.	 Eggermann T, Binder G, Brioude F, Maher ER, Lapunzina P, Cubellis MV, 

et al. CDKN1C mutations: two sides of the same coin. Trends Mol Med. 
2014;20(11):614–22. 

	2.	 Brioude F, Kalish JM, Mussa A, Foster AC, Bliek J, Ferrero GB, et al. Expert 
consensus document: clinical and molecular diagnosis, screening and 
management of Beckwith–Wiedemann syndrome: an international 
consensus statement. Nat Rev Endocrinol. 2018;14(4):229–49. 

	3.	 Arboleda VA, Lee H, Parnaik R, Fleming A, Banerjee A, Ferraz-de-Souza B, 
et al. Mutations in the PCNA-binding domain of CDKN1C cause IMAGe 
syndrome. Nat Genet. 2012;44(7):788–92. 

	4.	 Brioude F, Oliver-Petit I, Blaise A, Praz F, Rossignol S, Le Jule M, et al. 
CDKN1C mutation affecting the PCNA-binding domain as a cause of 
familial Russell Silver syndrome. J Med Genet. 2013;50(12):823–30. 

	5.	 Sabir AH, Ryan G, Mohammed Z, Kirk J, Kiely N, Thyagarajan M, et al. 
Familial Russell–Silver syndrome like phenotype in the PCNA domain 
of the CDKN1C gene, a further case. Case Rep Genet. 2019. https​://doi.
org/10.1155/2019/13982​50. 

	6.	 Kerns SL, Guevara-Aguirre J, Andrew S, Geng J, Guevara C, Guevara-
Aguirre M, et al. A novel variant in CDKN1C is associated with intrauterine 
growth restriction, short stature, and early-adulthood-onset diabetes. J 
Clin Endocrinol Metab. 2014;99(10):E2117–22. 

	7.	 Cabrera-Salcedo C, Kumar P, Hwa V, Dauber A. IMAGe and related under-
growth syndromes; the complex spectrum of gain-of-function CDKN1C 
mutations. Pediatr Endocrinol Rev. 2017;14:289–97. 

	8.	 Wakeling EL, Brioude F, Lokulo-Sodipe O, O’Connell SM, Salem J, Bliek J, 
et al. Diagnosis and management of Silver–Russell syndrome: first inter-
national consensus statement. Nat Rev Endocrinol. 2017;13(2):105–24. 

	9.	 Gicquel C, Rossignol S, Cabrol S, Houang M, Steunou V, Barbu V, et al. 
Epimutation of the telomeric imprinting center region on chromosome 
11p15 in Silver–Russell syndrome. Nat Genet. 2005;37(9):1003–7. 

	10.	 Kotzot D, Schmitt S, Bernasconi F, Robinson WP, Lurie IW, Ilyina H, et al. 
Uniparental disomy 7 in Silver–Russell syndrome and primordial growth 
retardation. Hum Mol Genet. 1995;4(4):583–7. 

	11.	 Geoffron S, Abi Habib W, Chantot-Bastaraud S, Dubern B, Steunou V, Azzi 
S, et al. Chromosome 14q32.2 imprinted region disruption as an alterna-
tive molecular diagnosis of Silver–Russell Syndrome. J Clin Endocrinol 
Metab. 2018;103:2436–46. 

	12.	 Begemann M, Zirn B, Santen G, Wirthgen E, Soellner L, Büttel HM, et al. 
Paternally inherited IGF2 mutation and growth restriction. N Engl J Med. 
2015;373(4):349–56. 

	13.	 Abi Habib W, Brioude F, Edouard T, Bennett JT, Lienhardt-Roussie A, Tixier 
F, et al. Genetic disruption of the oncogenic HMGA2-PLAG1-IGF2 path-
way causes fetal growth restriction. Genet Med. 2018;20(2):250–8. 

	14.	 Inoue T, Nakamura A, Iwahashi-Odano M, Tanase-Nakao K, Matsubara 
K, Nishioka J, et al. Contribution of gene mutations to Silver–Russell 
syndrome phenotype: multigene sequencing analysis in 92 etiology-
unknown patients. Clin Epigenet. 2020;12:86. 

	15.	 Sima NL, et al. SIFT web server: predicting effects of amino acid substitu-
tions on proteins. Nucleic Acids Res. 2012;40(Web Server Issue):W542–7. 

	16.	 Schwarz J, Cooper D, Schuelke M, Seelow D. Mutation Taster2: mutation 
prediction for the deep-sequencing age. Nat Methods. 2014;11:361–2. 

	17.	 Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards 
and guidelines for the interpretation of sequence variants: a joint con-
sensus recommendation of the American College of Medical Genetics 
and Genomics and the Association for Molecular Pathology. Genet Med. 
2015;17(5):405–24. 

	18.	 Prader A, Largo RH, Molinari L, Issler C. Physical growth of Swiss children 
from birth to 20 years of age. First Zurich longitudinal study of growth 
and development. Helv Paediatr Acta Suppl. 1989;52:1–125. 

	19.	 Ranke MB, Lindberg A, Cowell CT, Wikland KA, Reiter EO, Wilton P, 
et al. Prediction of response to growth hormone treatment in short 
children born small for gestational age: analysis of data from KIGS 
(Pharmacia International Growth Database). J Clin Endocrinol Metab. 
2003;88(1):125–31. 

	20.	 Masunaga Y, Inoue T, Yamoto K, Fujisawa Y, Sato Y, Kawashima-Sonoyama 
Y, et al. IGF2 mutations. J Clin Endocrinol Metab. 2020. https​://doi.
org/10.1210/cline​m/dgz03​4. 

	21.	 Liu D, Wang Y, Yang XA, Liu D. De novo mutation of paternal IGF2 gene 
causing Silver–Russell Syndrome in a sporadic patient. Front Genet. 
2017;8:105. https​://doi.org/10.3389/fgene​.2017.00105​. 

	22.	 Yamoto K, Saitsu H, Nakagawa N, Nakajima H, Hasegawa T, Fujisawa 
Y, et al. De novo IGF2 mutation on the paternal allele in a patient with 
Silver–Russell syndrome and ectrodactyly. Hum Mutat. 2017;38(8):953–8. 

	23.	 Poulton C, Azmanov D, Atkinson V, Beilby J, Ewans L, Gration D, et al. Silver 
Russel syndrome in an aboriginal patient from Australia. Am J Med Genet 
A. 2018;176(12):2561–3. 

	24.	 Rockstroh D, Pfäffle H, Le Duc D, Rößler F, Schlensog-Schuster F, et al. A 
new p.(Ile66Serfs*93) IGF2 variant is associated with pre- and postnatal 
growth retardation. Eur J Endocrinol. 2019;180(1):K1–13. 

	25.	 Binder G, Liebl M, Woelfle J, Eggermann T, Blumenstock G, Schweizer R. 
Adult height and epigenotype in children with Silver–Russell syndrome 
treated with GH. Horm Res Paediatr. 2013;80(3):193–200. 

	26.	 Suntharalingham JP, Ishida M, Buonocore F, Del Valle I, Solanky N, 
Demetriou C, et al. Analysis of CDKN1C in fetal growth restriction and 
pregnancy loss. F1000Res. 2019;8:90. 

	27.	 Niklasson A, Ericson A, Fryer JG, Karlberg J, Lawrence C, Karlberg P. An 
update of the Swedish reference standards for weight, length and head 
circumference at birth for given gestational age (1977–1981). Acta Paedi-
atr Scand. 1991;80(8–9):756–62. 

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1155/2019/1398250
https://doi.org/10.1155/2019/1398250
https://doi.org/10.1210/clinem/dgz034
https://doi.org/10.1210/clinem/dgz034
https://doi.org/10.3389/fgene.2017.00105

	Novel mutation points to a hot spot in CDKN1C causing Silver–Russell syndrome
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Discussion
	Conclusions
	Materials and methods
	Acknowledgements
	References


