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Abstract
The accurate diagnosis and clinical management of the growth restriction disorder Silver

Russell Syndrome (SRS) has confounded researchers and clinicians for many years due to

the myriad of genetic and epigenetic alterations reported in these patients and the lack of

suitable animal models to test the contribution of specific gene alterations. Some genetic

alterations suggest a role for increased dosage of the imprinted CYCLIN DEPENDENT
KINASE INHIBITOR 1C (CDKN1C) gene, often mutated in IMAGe Syndrome and Beckwith-

Wiedemann Syndrome (BWS). Cdkn1c encodes a potent negative regulator of fetal growth

that also regulates placental development, consistent with a proposed role for CDKN1C in

these complex childhood growth disorders. Here, we report that a mouse modelling the rare

microduplications present in some SRS patients exhibited phenotypes including low birth

weight with relative head sparing, neonatal hypoglycemia, absence of catch-up growth and

significantly reduced adiposity as adults, all defining features of SRS. Further investigation

revealed the presence of substantially more brown adipose tissue in very young mice, of

both the classical or canonical type exemplified by interscapular-type brown fat depot in

mice (iBAT) and a second type of non-classic BAT that develops postnatally within white

adipose tissue (WAT), genetically attributable to a double dose of Cdkn1c in vivo and ex-
vivo. Conversely, loss-of-function of Cdkn1c resulted in the complete developmental failure

of the brown adipocyte lineage with a loss of markers of both brown adipose fate and func-

tion. We further show that Cdkn1c is required for post-transcriptional accumulation of the

brown fat determinant PR domain containing 16 (PRDM16) and that CDKN1C and

PRDM16 co-localise to the nucleus of rare label-retaining cell within iBAT. This study

reveals a key requirement for Cdkn1c in the early development of the brown adipose line-

ages. Importantly, active BAT consumes high amounts of energy to generate body heat,
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providing a valid explanation for the persistence of thinness in our model and supporting a

major role for elevated CDKN1C in SRS.

Author Summary

Silver Russell syndrome is a severe developmental disorder characterised by low birth
weight, sparing of the head and neonatal hypoglycemia. SRS adults are small and can be
extremely thin, lacking body fat. Numerous genetic and epigenetic mutations have been
linked to SRS primarily involving imprinted genes, but progress has been hampered by the
lack of a suitable animal model. Here we describe a mouse model of the rare micro dupli-
cations reported in some SRS patients, which recapitulated many of the defining features
of SRS, including extreme thinness. We showed that these mice possessed substantially
more of the energy consuming brown adipose tissue (BAT), driven by a double dose of the
imprinted Cdkn1c gene. We further show that Cdkn1c is required for the postranscrip-
tional accumulation of the BAT determinant PRDM16 and that these proteins co-localise
to the nucleus of in a rare label-retaining cell within BAT. These data suggest that Cdkn1c
contributes to the development of BAT by modulating PRDM16 and supports a major
role for this gene in SRS.

Introduction
Silver-Russell syndrome (SRS; MIM 180860), Beckwith Weidemann Syndrome (BWS; MIM
130650) and IMAGe syndrome (MIM 614732) are all rare imprinted developmental disorders
that occur as a result of genetic or epigenetic alterations primarily at human chromosome
11p15 [1, 2]. Recent studies highlight the potential involvement of one maternally expressed
imprinted gene, CYCLIN DEPENDENT KINASE INHIBITOR 1C (CDKN1C), in all three disor-
ders [3]. Loss-of-function or loss-of-expression of CDKN1C is a common feature of BWS,
either through direct DNA mutation, epigenetic misregulation or loss of the maternal chromo-
some [4]. The rare IMAGe syndrome, which has the major features of fetal growth restriction,
metaphyseal displasia, adrenal hypoplasia congentia and genital abnormalities, is associated
with genetic mutations in the CDKN1C gene [5, 6]. The changes associated with growth restric-
tion are gain-of-function mutations of the PCNA domain, limited to a handful of rare familial
cases highlighted in a recent review [3], that may increase the stability of the protein [6, 7]. SRS
is characterised by severe pre and post natal growth restriction combined with some of the fol-
lowing: neonatal hypoglycaemia, excessive sweating, triangular shaped face, head circumfer-
ence of normal size but disproportionate to a small body size, clinodactyly, feeding problems,
low body mass index manifesting as extreme thinness, no catch up growth and increased risk
of delayed development and learning disabilities [8]. Numerous genetic and epigenetic alter-
ations have been reported in SRS patients but identifying the causal gene mutation(s) has been
challenging. Some studies suggest loss of function of the paternally expressed growth factor
INSULIN-LIKE GROWTH FACTOR 2 (IGF2) [9]. However, there are SRS patients that carry
an extra copy of maternally derived 11p15 without loss-of-function of IGF2 [10]. Maternal
duplications spanning the complex imprinted domain at 11p15 have been independently
reported in a number of studies [11–16] and the majority are associated with unbalanced trans-
locations suggesting that increased dosage of a maternally expressed imprinted gene may be
important in SRS. The minimal region of maternal microduplication in SRS encompasses
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CDKN1C and three other maternally expressed protein coding genes POTASSIUM CHANNEL,
VOLTAGE GATED KQT-LIKE SUBFAMILY Q,MEMBER 1 (KCNQ1), PLECKSTRIN HOMO-
LOGY-LIKE DOMAIN, FAMILY A,MEMBER 2 (PHLDA2) and SOLUTE CARRIER FAMILY
22,MEMBER 18 (SLC22A18) [17, 18]. Since CDKN1C is a maternally expressed gene [19, 20],
these SRS patients are predicted to have twice the normal level of CDKN1C expression.

We, and others, have shown that loss of Cdkn1c in mice results in a late fetal overgrowth
and disrupted placental development [21–25] consistent with a key role for this gene in BWS.
CDKN1C, which is maternally expressed in both humans and mice [19, 20], belongs to the Kip
cyclin dependent kinase inhibitor family that induce cell cycle arrest and limit proliferation
[26]. In mice, Cdkn1c is widely expressed during embryonic development in cells exiting differ-
entiation [27–29]. Cdkn1c also functions to orchestrate cell fate determination targeting key
transcription factors [30–36] and in stem cell self-renewal and quiescence in a number of
embryonic [32–34, 37–40] and adult [41–43] stem/progenitor cells. These multiple roles may
account for complex phenotypic consequences in response to alterations in the dosage of this
gene.

We previously reported growth restriction in mice carrying a bacterial artificial chromo-
some (BAC) transgene spanning Cdkn1c, Phlda2 and Slc22a18 [24]. This alteration essen-
tially models the minimal microduplicated region observed in some SRS patients [17, 18].
The mice exhibited significant fetal growth restriction from embryonic day (E) 13.5 with
the absence of catch-up growth. We were able to attribute the fetal growth restricting prop-
erties of this microduplication to two-fold expression of Cdkn1c consistent with the pheno-
type observed in SRS. Fetal growth restriction per se is a relatively generic phenotype and
more specific features of SRS would lend greater support to the hypothesis that altered
expression of CDKN1C contributes significantly to SRS in human patients. To provide fur-
ther evidence for or against a key role for CDKN1C in SRS, we examined the microduplica-
tion mice for additional SRS-associated phenotypes. This work revealed low birth weight
with a relative sparing of the head, neonatal hypoglycaemia, small sized adults with substan-
tially less white adipose tissue, all of which were genetically attributable to just two-fold
expression of Cdkn1c. These findings support a major role for elevated CDKN1C in SRS.
Importantly, we identified a novel function for Cdkn1c in directly promoting the develop-
ment of brown adipose tissue early in life, a finding that could account for the prevalence of
thinness in SRS.

Results
The minimal microduplicated region in SRS spans four imprinted, protein-coding genes:
KCNQ1, CDKN1C, PHLDA2 and SLC22A18 (Fig 1A). Our mouse BAC transgene spans three
of these genes, Cdkn1c, Phlda2 and Slc22a18 (Fig 1B). Previously we showed that a single copy
of the transgene (BACx1) drove significant fetal growth restriction on a mixed strain back-
ground which was more severe in a two copy line (BACx2) and absent in a reporter line in
which transgenic Cdkn1c was replaced by a β-galactosidase gene (BAC-lacZ) attributing growth
restriction to elevated expression of Cdkn1c [24]. The transgene was lethal on a pure 129S2/
SvHsd (129) background but preliminary breeding into C57BL/6J (BL6) suggested improved
viability with the retention of growth restriction, albeit attenuated [24]. For this study, three
transgenic lines (BACx1, BACx2 and BAC-lacZ) were bred further onto a BL6 strain back-
ground, to>12 generations. BACx1 and BACx2 fetuses were significantly lighter at embryonic
day (E) 18.5 while BAC-lacZ fetuses were similar in weight to wild type controls confirming
the fetal growth restricting properties of Cdkn1c. Importantly, fetal viability was not compro-
mised on this genetic background (S1 Fig).
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Fig 1. Bacterial artificial chromosome (BAC) spanning the intactCdkn1c locus in mice models minimal microduplication reported in Silver Russell
Syndrome. (A) Genomic map of human 11p15 imprinted region. Line below indicates extent of minimal region duplicated in SRS. (B) Genomic map of
mouse distal chromosome 7 imprinted region. Below is the map of the 85 kb BAC transgene (BAC144D14). Inset: Image of WT and BACx1 pups carrying
one copy of the BACx1 examined on a mixed 129/BL6 genetic background on postnatal day (P) 2. (C) Weights of WT and BAC transgenic pups at birth (P0)
after breeding onto BL6 genetic background for >12 generations. (D) Brain weight to body weight ratio. (E) Blood glucose levels (mmol/l). NS = not
significant. Data expressed as mean ± SEM, t test. Numbers given in S1 Fig.

doi:10.1371/journal.pgen.1005916.g001
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Children with SRS are born low birth weight and are prone to develop spontaneous hypo-
glycaemia, particularly if they are not fed both frequently and regularly [44]. Newborn BACx1
and BACx2 mice were lighter than their wild type littermates (Fig 1C). There was a significant
difference in the relative proportion of the brain to body weight in the two copy line (Fig 1D).
Marked hypoglycaemia in the fed state was evident for both the single copy and the two copy
line (Fig 1E). Glucose levels, birth weight and brain weights were normal in the control line
BAC-lacZ genetically attributing these phenotypes to elevated Cdkn1c expression. These data
were consistent with the observed phenotypes of low birth weight, head sparing and neonatal
hypoglycaemia reported in young SRS patients.

As adults, SRS patients commonly display short stature with a low body mass index and a
lack of subcutaneous fat [8]. At 10 weeks of age BACx1 and BACx2 male and female adult
mice were significantly lighter than their wild type littermates (Fig 2A). An exploratory mag-
netic resonance image of an adult BACx1 male mouse alongside a wild type co-housed litter-
mate suggested less white adipose tissue (WAT; S2 Fig). Dissection and weighing of individual
WAT depots revealed a disproportionate reduction in the weight of the mesenteric (mes),
inguinal (ing) and retroperitoneal (rp) WAT depots relative to total body weight (Fig 2B and
2C). Mice carrying a single copy of the transgene (BACx1) consumed a similar daily weight of
standard chow whereas mice carrying two copies (BACx2) consumed significantly less (Fig
2D). The basal body temperature of both BACx1 and BACx2 mice was significantly elevated
(Fig 2E). Histological examination of rpWAT revealed an abundance of smaller adipocytes
with a multilocular appearance, which were less apparent in wild type rpWAT and depots
from the reporter line BAC-lacZ (Fig 2F). BEIGE cells are a recruitable form of brown adipose
tissue (BAT) that develops postnatally within someWAT depots defined by a smaller cell size,
multilocular lipid droplet morphology, a high mitochondrial content and the expression of
brown fat–specific genes [45–50]. In addition to the elevated expression of Cdkn1c two key
markers of brown adipose tissue, uncoupling protein-1 (UCP1) and elongation of very long
chain fatty acids (FEN1/Elo2, SUR4/Elo3 and yeast)-like 3 (Elovl3), were significantly elevated
in rpWAT from adult BACx1 mice as compared to matched wild type rpWAT (Fig 2G).
Importantly, neither Cdkn1c nor these markers were elevated in rpWAT from the reporter line
BAC-lacZ (Fig 2G). These data suggested an increased representation of BEIGE cells, some-
times referred to as the “browning” of WAT, driven by increased expression of Cdkn1c.

Cdkn1c is expressed and imprinted in adipose tissue
Cdkn1c is expressed from the BAC in a number of tissues including the pituitary, the hypothal-
amus and the pancreas [51] that may stimulate the browning of WAT. However, elevated
Cdkn1c expression within transgenic rpWAT (Fig 2G) suggested the potential for a direct
role for Cdkn1c in brown adipogenesis. Expression of Cdkn1c has been reported in the epididy-
mal white adipose tissue of adult mice [52]. At postnatal day 7 (P7), Cdkn1c expression was
detectable within several adipose depots with levels positively correlating with the brown adi-
pose-like nature of these depots [53]. Cdkn1c was found to be most highly expressed in the
interscapular-type brown fat depot (iBAT), which is composed of a classical or canonical type
of BAT sharing a developmental origin with myoblasts [48], with moderate expression in
rpWAT and subcutaneous (sc) WAT and lowest expression in mesenteric (mes) WAT (Fig
3A). At E16.5, when iBAT is discernable as a discrete depot, a few Cdkn1c-positive cells were
identifiable by both in situ hybridisation and immunohistochemistry (Fig 3B). At P7, Cdkn1c
was more widely expressed within the iBAT depot (Fig 3C, left panel). Cdkn1c was also
expressed within a few discrete niches in P7 rpWAT (Fig 3D, left panel). Importantly, BACx1
and BACx2 rpWAT and iBAT displayed a similar expression pattern to WT depots by in situ
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Fig 2. ElevatedCdkn1c drives thinness in adult mice. (A) Weights of WT and BAC transgenic male and female mice at 10 weeks. (B) Dissection of WT
and BAC transgenic mice at 10 weeks to reveal adipose depots in situ. (C) Weights of adipose depots relative to body weights. (D) Food consumption per
day, measurements taken over 5 days. (E) Rectal body temperature. (F) H&E sections of 10 week rpWAT depots fromWT, BACx1 and BACx2 and BAClacZ
(WT from line BACx1). (G) QPCR analysis of Cdkn1c, Ucp1 and Elovl3 in BACx1 female 10 week rpWAT depots (n = 4 per genotype). Data expressed as
mean ± SEM, t test.

doi:10.1371/journal.pgen.1005916.g002
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Fig 3. Cdkn1c is expressed and imprinted in rpWAT and iBAT. (A) QPCR of Cdkn1c in P7 rpWAT, subcutaneous (sc) WAT, and iBAT relative to
mesenteric (mes) WAT (n = 4 each depot taken from two litters). Data expres sed as mean ± SEM, t test. ** P <0.01.(B) E16.5 transverse sections through
IBAT depots stained for Cdkn1cmRNA and protein. (C) WT, BACx1 and BACx2 P7 iBAT sections stained for Cdkn1c. -galactosidase staining of P7 BAC-
lacZ iBAT depot (far right panel).Cdkn1c-positive cells indicated by arrows. (D) WT, BACx1 and BACx2 P7 rpWAT sections stained for Cdkn1c.
-galactosidase staining of P7 BAC-lacZ rpWAT depot (far right panel).Cdkn1c-positive cells indicated by arrows. (E)Cdkn1cmaternal allele-specific
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hybridisation (Fig 3C and 3D, middle panels) indicating that Cdkn1c was not ectopically
expressed from the transgene in these depots. β-galactosidase staining of dissected intact depots
from BAC-lacZ pups revealed blue staining niches consistent with expression originating from
the transgene in both depots (Fig 3C and 3D, far right panels).

To determine whether expression of Cdkn1cwas imprinted in adipose tissue, we made use of
the Cdkn1c restriction fragment length polymorphism (RFLP) assay [54].Mus musculus domesti-
cus BL6 mice possess an AvaI restriction enzyme site within an exon of Cdkn1c that is absent in
Mus spretusmice (Fig 3E). P7 pups were generated from crosses between pure BL6 females and
BL6 males carrying a copy of theMus spretus Cdkn1c region. AvaI digestion of a PCR product
amplified across the polymorphic region from genomic DNA demonstrated that both alleles
were physically present. Digestion of the PCR product amplified from cDNA revealed the pre-
dominant presence of only the maternally inherited BL6 allele (lower band) in both P7 iBAT and
P7 rpWAT (Fig 3E). Similarly, depots from adult mice displayed predominantly maternal-allele
expression (Fig 3E). Differential DNAmethylation spanning the predicted Cdkn1c promoter
region [55] was also discernable in both adipose depots at P7 and in the adult (Fig 3F). These
data demonstrated that Cdkn1c was both expressed and imprinted in post-natal adipose tissue,
and that both expression and imprinting was maintained into adulthood.

Cdkn1c promotes the browning of WAT early in life
The in situ hybridisation analysis (Fig 3D) and further histological examination of rpWAT at
P7 suggested that the phenotypic differences present in adult mice were apparent at this much
earlier timepoint (Fig 4A). Electron microscopic imaging of BACx1 P7 rpWAT depots
revealed clusters of cells that possessed BEIGE characteristics including a larger volume of
cytoplasm, numerous mitochondria and smaller, multilocular, lipid droplets not readily
observed in matched WT depots (Fig 4B). QPCR demonstrated that Cdkn1c expression was
significantly elevated in BACx1 and BACx2 P7 rpWAT, by 1.5- and 2.2-fold respectively (Fig
4C). Several markers of BAT were also elevated including peroxisome proliferator-activated
receptor gamma, coactivator 1 alpha (Ppargc1a), cell death-inducing DFFA-like effector a
(Cidea), Ucp1, Elovl3 and PR domain containing 16 (Prdm16) in BACx1 and BACx2 P7
rpWAT (Fig 4D). Consistent with 10-fold higher expression of Ucp1mRNA, UCP1 protein
was more readily detectable in BACx1 rpWAT than in WT rpWAT in a within litter compari-
son (Fig 4E). PRDM16, a brown fat determinant [48], was also more readily detectable in
BACx1 rpWAT depots than wild type depots (Fig 4E). Importantly, P7 rpWAT from the
reporter line BAC-lacZ had a normal appearance and neither Cdkn1c nor key BAT markers
were elevated (S3A Fig). The presence of BEIGE-like cells in the BACx1 and BACx2 rpWAT
and their absence in the BAC-lacZ model, in which Cdkn1c was expressed at a normal level,
identified Cdkn1c as a gene that promotes the “browning” of WAT. Importantly, this pheno-
type was apparent when WAT first emerged as a distinct depot in very young mice.

Cdkn1c boosts the development of classic brown adipose tissue
Elevated expression of Cdkn1c also had an effect on iBAT. P7 BACx1 and BACx2 iBAT depots
were heavier as a proportion of total body weight, by 30% and 60% respectively, than WT

expression in P7 and adult iBAT and rpWAT from hybrid offspring from BL6 female mated with a BL6spretus-chr7 male assessed by the presence (BL6; B) or
absence (spretus; S) of an AvaI restriction enzyme site within the Cdkn1c PCR product. (F) Average methylated CpGs per sample with examples of
differential methylation ofCdkn1cDMR in P7 and adult iBAT and rpWAT. Each row corresponds to an individual sequenced DNA clone. Each circle
represents a CpG on the strand, filled circles and open circles indicate methylated and unmethylated sites, respectively. Percentage values given for n = 3 of
each condition.

doi:10.1371/journal.pgen.1005916.g003
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iBAT depots (Fig 5A). This was not due to increased lipid deposition as BACx1 and BAC2
iBAT depots displayed increased cellularity, confirmed by cell counting (Fig 5B). As in
rpWAT, Cdkn1c expression was significantly elevated in BACx1 and BACx2 iBAT, by 1.5- and

Fig 4. Cdkn1c promotes the browning of WAT in youngmice. (A) H&E of P7WT, BACx1 and BACx2 rpWAT (WT from line BACx1). (B) Electron
micrograph of WT and BACx1 P7 rpWAT (4000X). Mitochondria indicated by m and lipid by l. (C) QPCR analysis of Cdkn1cmRNA levels in P7 rpWAT from
BACx1 and BACx2 relative to wild type controls. (D) QPCR of BAT-selective genes in WT, BACx1 and BACx2 P7 rpWAT. (E) Western blot analysis of UCP1,
PRDM16 and β-ACTIN in P7 rpWAT from single litters of WT and BACx1 pups. Data expressed as mean ± SEM, t test. * P <0.05; ** P <0.01; *** P <0.005.

doi:10.1371/journal.pgen.1005916.g004
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2.2-fold respectively (Fig 5C). QPCR analysis revealed near wild type expression of the adipo-
genesis regulators retinoblastoma 1 (Rb1), peroxisome proliferator-activated receptor-γ
(PPARγ) and CCAAT-enhancer-binding protein-α (C/EBPα) but elevated expression of
CCAAT-enhancer-binding protein-β (C/EBPβ) in both BACx1 and BACx2 depots (Fig 5C).
BAT markers Ppargc1a, Ucp1 and Elovl3 were significantly elevated in BACx1. All five BAT
markers examined were significantly elevated in the higher dosage line, BACx2 (Fig 5C). Criti-
cally, BAC-lacZ iBAT appeared morphologically normal and neither Cdkn1c nor key BAT
markers were elevated (S3B Fig) genetically assigning these alterations to the increased dosage
of Cdkn1c in BACx1 and BACx2. The ratio of mitochondrial DNA to nuclear DNA can be
used as an estimate of mitochondrial load. Both BACx1 and BAC2 P7 iBAT depots contained
significantly increased mitochondrial DNA content compared to WT (Fig 5D). Consistent
with a greater mitochondrial load, expression of the nuclear mitochondrial marker cytochrome
c, somatic (Cycs) was significantly elevated in BACx2 and both Cycs and the mitochondrion-
encoded cytochrome c oxidase subunit II (Cox2) were elevated in BAC1 and BACx2 iBAT (Fig
5C).

Fully functional iBAT at birth is important for maintaining newborn body temperature.
33°C approaches thermoneutrality and corresponds to the temperature within litters of new-
born mice in contact with their mother [56] whereas 26°C elicits near-maximal thermogenesis
by brown adipose tissue [57]. P2 WT and BACx2 pups kept at 33°C and then exposed to room
temperature (22°C) for a 20 minute period both lost body heat at the same rate despite signifi-
cant differences in their body weights (Fig 5E), consistent with functional iBAT at this
timepoint.

Taken together, these data identified a novel function for Cdkn1c in boosting the develop-
ment of both BEIGE and iBAT early in post-natal life, with increasing expression of Cdkn1c
associated with the increased development of brown adipose.

Cdkn1c is required for the proper formation of iBAT
In contrast to the increase in classic iBAT in response to elevated Cdkn1c, loss-of-expression of
Cdkn1c resulted in the loss of iBAT. Mice inheriting a targeted deletion of Cdkn1cmaternally
(loss-of-function) die in the neonatal period [21]. Cdkn1c-/+ (KOMAT) embryos examined a
day prior to neonatal demise, at E18.5, possessed poorly discernable iBAT depots lacking the
characteristic butterfly shape normally observed at this stage of development (Fig 6A). H&E
staining of the isolated KOMAT depots revealed a disorganised morphology with large areas of
lipid (Fig 6B). QPCR analysis confirmed considerably reduced expression of Cdkn1c. KOMAT

expressed relatively normal levels of Rb1, PPARγ and C/EBPα (Fig 6C). C/EBPβ was expressed
at 50% the wild type level reciprocal to the increased expression observed in response to ele-
vated Cdkn1c. Pan-adipocyte markers fatty acid binding protein 4 (Fabp4) and perilipin 1
(Plin1) were also markedly reduced. Prdm16 was expressed at wild type levels while expression
of peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (Ppargc1a), which
encodes a transcriptional coactivator that is involved in the activation of brown fat cells, was
markedly elevated indicating that the initiation of brown adipocyte commitment was not pre-
vented by loss of Cdkn1c. Nonetheless, there was a marked reduction in expression of down-
stream genes required for brown adipose development and function including the cAMP-
inducible gene, Ucp1, and the cAMP insensitive genes Cidea and Elovl3 (Fig 6C). Expression of
the nuclear mitochondrial marker Cycs and the mitochondrion-encoded Cox2 were also dimin-
ished, by 25–30% (Fig 6C). Mitochondrial DNA content was 40% less than the wild type level
(Fig 6D). UCP1 and PRDM16 proteins were barely detectable in Cdkn1c KOMAT iBAT (Fig 6E
and 6F), all indicative of severely compromised BAT development. Loss of function of
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Fig 5. ElevatedCdkn1c boosts the formation of classic BAT in youngmice. (A) Weights of WT, BACx1 and BACx2 iBAT relative to total body weight
(WT n = 20, BACx1 n = 18, BACx2 n = 8). (B) H&E staining of P7 iBAT depot sections fromWT, BACx1 and BACx2 pups (WT from line BACx1) and cell
counting data (n = 6 per genotype). (C) QPCR of Cdkn1c, adipogenesis regulators, thermogenic, BAT-selective and mitochondrial genes in BACx1 and
BACx2 P7 iBAT relative to WT (n = 4 per genotype). (D) Quantitation of mitochondrial genomic DNA of BACx1 and BACx2 iBAT relative to WT (n = 6). (E)
Surface body temperature of BACx2 P2 pups relative to WT littermates was assessed by thermal imaging (WT n = 19, BACx2 n = 8) within 1 minute of
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PRDM16 in iBAT early in life results in a switch from an iBAT identity towards a skeletal mus-
cle identity [48]. Consistent with the loss of PRDM16, Cdkn1c KOMAT iBAT expressed two-
fold higher levels of the skeletal muscle-selective genesmyogenic factor 5 (Myf5) andmyogenic
differentiation 1 (Myod1) (Fig 6C) further supported by western analysis for MYOD1 (Fig
6G). These data identified a requirement for Cdkn1c in the development of classic BAT.

Cdkn1c induces a BAT-like gene program ex-vivo
To determine whether Cdkn1c could function intrinsically to boost brown adipogenesis, we
performed an ex-vivo adipogenesis assay. Mouse embryonic fibroblasts (MEFs) are multipotent
and have the potential to differentiate into brown adipocytes. MEFs were isolated from E12.5
BACx1 and WT fetuses and induced to differentiate using a standard adipogenic protocol [58].
The expression profile of Cdkn1c in both WT and BACx1 MEFs followed similar pattern of up
regulation by day 2 and down regulation by day 8 of differentiation, with BACx1 MEFs
expressing consistently higher levels of Cdkn1c at each time point (Fig 7A). Having confirmed
elevated expression of Cdkn1c in the differentiating MEFs, a single copy of the Cdkn1c trans-
gene was genetically combined with a maternally inherited targeted deletion of Cdkn1c
(KOMAT) to generate MEFs of four genotypes: WT, BACx1, KOMAT and KO+BACx1. After 8
days of adipocyte-directed differentiation Cdkn1c was expressed 1.4-fold the WT level in
BACx1 MEFs and at barely detectable levels in KOMAT MEFs (Fig 7B). KO+BACx1 MEFs,
which carried both the transgene and the targeted allele, expressed Cdkn1c at WT levels (Fig
7B). All four genotypes differentiated into lipid-containing cells, as evidenced by Oil-Red O
staining and mRNA levels for general adipogenic markers (Fig 7C and S4 Fig). As in vivo, key
markers of BAT fate and function Cidea, Ucp1 and Elovl3 were elevated in BACx1 D8 MEFs
(Fig 7D). Importantly, KO+BACx1 MEFs, in which Cdkn1c was expressed at WT levels, did
not display altered expression of these markers (Fig 7D). After 8 days of adipocyte-directed dif-
ferentiation BACx2 D8 MEFs displayed 2.4-fold elevated expression of Cdkn1c and further ele-
vated expression of several BAT markers (Fig 7E) consistent with the dosage-related function
of Cdkn1c in inducing a BAT-like gene program. Confocal imaging suggested more mitochon-
dria in the BACx1 differentiated samples (Fig 7F), consistent with in vivo data (Fig 4B). UCP1
protein was detectable in BACx1 D8 MEFs but not WTMEFs, a difference further highlighted
by exposure to the positive regulator of Ucp1 gene transcription, retinoic acid [59, 60] (Fig
7G). Taken together, these data demonstrated that Cdkn1c can drive a BAT-like cell fate in adi-
pocyte-differentiated fibroblast cells ex-vivo, and in a dosage-sensitive manner.

There was a considerable loss of PRDM16 protein in Cdkn1c KOMAT iBAT (Fig 6F) but
Prdm16mRNA levels were relatively unaltered (Fig 6C) suggesting a function for Cdkn1c in
the post transcriptional regulation of PRDM16. Consistent with this role, CDKN1C protein
co-localised with the brown fat determinant, PRDM16, to the nucleus of rare cells present
within P7 iBAT (Fig 8A). Acute loss of CDKN1C, driven by siRNA transfection of the brown
preadipocyte cell line HIB-1B [61], resulted in a reduction of PRDM16 protein (Fig 8B).
Prdm16 and Cdkn1c are both known to be functionally important for adult haematopoietic
stem cells [41, 62] and adult neural stem cells [63, 64]. 5-bromo-2-deoxyuridine (BrdU) label
retention has been defined as a characteristic attributed to slow-cycling adult stem cells [65]. In
two independent experiments, pregnant females were injected with BrdU (single dose at E16.5
or four doses of BrdU from E16.5). Within the adult iBAT from offspring of these pregnancies

removal from nest temperature (33°C; approaching thermoneutrality) and after 20 minutes at room temperature (22°C). Data expressed as mean ± SEM, t
test. * P <0.05; ** P <0.01; *** P <0.005.

doi:10.1371/journal.pgen.1005916.g005
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Fig 6. Cdkn1c is required for the proper formation of iBAT. (A) Photograph of E18.5 WT andCdkn1c-/+ (KOMAT) fetuses with position of iBAT depot
highlighted by dotted black line. (B) H&E staining of iBAT sections of E18.5WT and KOMAT iBAT. (C) QPCR of Cdkn1c and the adipocyte regulators Rb1,
PPARγ, C/EBPα andC/EBPβ, pan-adipocyte genes Fabp4, Cidec and Plin1, BAT-selective genes Ppargc1a, Cidea, Prdm16, Ucp1 and Elovl3,
mitochondrial genesCycs andCox2, and the skeletal muscle-selective genesMyf5 andMyod1 in E18.5 KOMAT iBAT relative to WT (n = 4 per genotype). (D)
Mitochondrial DNA content of iBAT from E18.5 KOMAT iBAT relative to WT (n = 6 per genotype). (E) Western blot analysis of UCP1 and β-ACTIN in E18.5
iBAT isolated from twoWT and two KOMAT fetuses. Within litter comparison. (F) Western blot analysis of CDKN1C, PRDM16 and β-ACTIN in E18.5 iBAT
isolated from twoWT and two KOMAT fetuses. Within litter comparison. (G) Western blot analysis of MYOD and GAPDH in E18.5 E18.5 iBAT isolated from
twoWT and two KOMAT fetuses. Within litter comparison. Data expressed as mean ± SEM, t test. * P <0.05; ** P <0.01; *** P <0.005.

doi:10.1371/journal.pgen.1005916.g006
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Fig 7. Cdkn1c induces a BAT-like gene program ex-vivo. (A) QPCR of analysisCdkn1cmRNA levels in WT and BACx1 MEFs over 8 days of adipocyte
induction relative to WT day (D) 0. (B) QPCR analysis ofCdkn1c expression in WT, BACx1, KOMAT and BACx1+KOMEFs after 8 days of directed
differentiation. (C) Oil Red O (ORO) staining of D8 adipocyte-differentiated WT, BACx1, KOMAT and BACx1+KOMEFs. All genotypes produced lipid filled
adipocytes. (D) QPCR analysis of BAT marker genes Ppargc1a, Cidea, Ucp1, and Elovl3 in WT, BACx1, KOMAT and BACx1+KO D8 adipocyte-differentiated
MEFs. As in vivo, key markers of BAT fate and function were elevated. Critically BACx1+KOMEFs(Cdkn1c expressed at WT levels) expressed the BAT
markers at WT levels confirming that induction was in response to the transgenic elevation of Cdkn1c. (E) QPCR analysis of Cdkn1c and BAT marker genes
Ppargc1a, Cidea, Ucp1, and Elovl3 in WT and BACx2 D8 adipocyte-differentiated MEFs illustrating further elevation of BAT markers driven by increased
Cdkn1c dosage. (F) Confocal images of D8 adipocyte-differentiated WT, BACx1 and KOMAT MEFs. Membranes stained with Cell mask Deep Red plasma
(633nm; red), nuclei stained with Hoechst 366243 (450nm; blue) and mitochondria stained with Rhodamine-123 (540nm; green). Fields shown were
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CDKN1C/PRDM16 double positive cells retained BrdU for six to eight weeks after embryonic
labeling (Fig 8C). Taken together, all our data suggest that CDKN1C functions to support the
post transcriptional accumulation of PRDM16 in a progenitor cell, and thus promotes the
development of brown fat.

visualised under fluorescence microscope at appropriate wavelengths. Mitochondria indicated by m, lipid by l and nucleus by n. Scale bar = 19 d. (G)
Western analysis of UCP1 and β-ACTIN in D8 adipocyte-differentiatedWT and BACx1 MEFs and after addition of 1 mM 9-cis-retinoic acid for 48 hours.
UCP1 protein detectable by Western analysis in transgenic but not WT samples, an effect amplified by exposure to the positive regulator of Ucp1 gene
transcription, retinoic acid. For each QPCR analysis n = 4 genotypes per group taken from two independent litters; error bars represent ± s.e.m. * P <0.05; **
P <0.01; *** P <0.005.

doi:10.1371/journal.pgen.1005916.g007

Fig 8. CDKN1C and PRDM16 co-localise to the nucleus of rare BrdU label-retaining cells in iBAT. (A) Confocal imaging of P7 iBAT co-stained for
CDKN1C and PRDM16. DNA is stained with 40,6-diamidino-2-phenylindole (DAPI, blue). (B) Western analysis of PRDM16 protein after siRNA-induced
knock-down of Cdkn1c in the undifferentiated brown fat preadipocyte cell line HIB1.1. (C) Immunohistochemistry for CDKN1C (green), PRDM16 (red) and
BRDU (purple) in WT iBAT 8 weeks after in utero pulsed exposure to BrdU. DNA (DAPI, blue).

doi:10.1371/journal.pgen.1005916.g008
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Discussion
Here we provide in vivo evidence for key features of SRS in a novel mouse model of the mini-
mal microduplicated region reported in some patients with this syndrome [66, 67] including
low birth weight, head sparing, neonatal hypoglycaemia, smallness as adults and an extreme
lack of body fat. Critically, we show that these phenotypes were due solely to the two-fold
increased dosage of Cdkn1c consistent with the predicted expression levels in SRS patients. In
our model, Cdkn1c was not ectopically expressed nor was Cdkn1c expressed at excessively high
levels thus our findings are physiologically relevant. In addition to providing compelling evi-
dence for a major role of elevated CDKN1C is SRS, we demonstrated in vivo and ex-vivo that
Cdkn1c promotes the formation of brown adipose tissue, both the classic form exemplified by
the iBAT depot and also the BIEGE form that emerges within WAT depots which persists into
adulthood. Moreover, our data suggest that Cdkn1c functions to boost BAT, in part, by sup-
porting protein accumulation of the brown fat determinant, Prdm16. This work has implica-
tions both for the diagnosis of SRS and the clinical management of SRS patients.

Microduplication mice were born low birth weight with a relative sparing of the head and
neonatal hypoglycaemia. As adults the mice failed to catch-up in weight with their littermates
and possessed substantially less white adipose tissue. We were able to exclude a role for two
other genes present on the BAC (Phlda2 and Slc22a18) in driving these phenotypes by using a
reporter line in which expression of the BAC copy of Cdkn1c was replaced by lacZ [51]. While
fetal growth restriction and low birth weight are relatively common complications of preg-
nancy that can have numerous origins, the more specific features of SRS support a major role
for elevated CDKN1C expression in SRS. Currently the diagnosis of SRS is hampered by the
complexity of alterations reported in different patients and the variable presentation of pheno-
types. Moreover, some alterations may have an epigenetic origin not detectable by traditional
DNA based approaches or not present in accessible tissues. The greater certainty that CDKN1C
is a major contributor to SRS should lead to the development of better diagnostic tools and
potentially the improved sub-classification of patients. It would now seem pertinent to examine
BAT in SRS patients and, conversely, to assess individuals with a diagnosis of fetal growth
restriction followed by extreme thinness for alterations in the expression of CDKN1C.

In addition to observing several defining features of SRS in our microduplication model, we
identified Cdkn1c as a gene that functions in vivo, and in a dosage sensitive manner, to boost
the amount of brown adipose tissue that develops early in life. Elevated Cdkn1c was associated
with an increased amount of BEIGE adipose (non-classic BAT) located within the rpWAT
depot in very young and in adult mice. Transgenic rpWAT depots had a marked appearance of
BAT-like niches and expressed much higher levels of several BAT markers including Elovl3
and Cidea, markers that are insensitive to cAMP. Both UCP1 and PRDM16 protein were read-
ily detectable in BACx1 rpWAT depots in comparison to wild type depots in within litter com-
parisons. Elevated Cdkn1c also resulted in a larger iBAT depot relative to body weight in young
mice and augmented the existing brown adipose gene program. The function of Cdkn1c in
boosting the formation of BAT early in life would explain neonatal hypoglyceamia and the fail-
ure of our mice to lay down sufficient stores of white adipose tissue into adulthood manifesting
as thinness.

While Cdkn1c was expressed from the BAC in a number of tissues including the pituitary,
the hypothalamus and the pancreas [51] that may stimulate the browning of WAT, Cdkn1c
was expression and imprinted within both rpWAT and iBAT depots. Importantly, elevated
Cdkn1c enhanced the expression of brown adipose marker genes in adipogenically-differenti-
ated MEFs. Normalising Cdkn1c by combining a single copy of the transgene with maternal
inheritance of the targeted Cdkn1c allele in this same experiment resulted in wild type levels of
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both Cdkn1c and the BAT markers. This experiment demonstrated the intrinsic ability of
Cdkn1c to drive a BAT-like gene program ex-vivo. Our findings that Cdkn1c plays a key role in
promoting BAT development is novel and has important implications both for our under-
standing of BAT development.

Elevated Cdkn1c boosted the development of BAT while loss-of function of Cdkn1c resulted
in abnormal morphology of the iBAT depot alongside a striking reduction in the expression of
several brown adipose markers, and loss of UCP1 and PRDM16 protein. Classic iBAT derives
from a common progenitor to skeletal muscle and a switch between these two lineages is
thought to be controlled by Prdm16 [48]. Consistent with loss-of-function of Prdm16, Cdkn1c
KO iBAT expressed elevated levels of two muscle-specific genes. While PRDM16 protein was
barely detectable, Cdkn1c KO iBAT expressed normal levels of Prdm16mRNA. Acute knock-
down of CDKN1C in a brown fat cell line resulted in the loss of PRDM16 protein suggesting
that Cdkn1c acts to regulate the post transcriptional accumulation of PRDM16. A precedent
exists for Cdkn1c in regulating the post-transcriptional accumulation of several other transcrip-
tion factors [30–36, 68, 69]. Moreover, co-expression of CDKN1C and PRDM16 in the nucleus
of a rare, BrdU label-retaining cell in iBAT suggests that regulation takes place with an adult
brown adipose progenitor cell. Prdm16 and Cdkn1c are both already known to be functionally
important for adult HSC [41, 62] and adult NSC [63, 64]. However, it remains controversial
whether label retention is a definitive feature of stem cells and further work is required demon-
strate that the PRDM16/CDKN1C double positive cells are indeed brown fat progenitors.
What is clear is that both Prdm16 and Cdkn1c are required for the proper determination of
BAT cell fate, as evidenced by elevated expression of the myogenic markersMyf5 andMyoD in
response to loss-of-function of Prdm16 [48] and Cdkn1c (Fig 6). Rather than participating in
cell fate decisions, we propose that Cdkn1cmodulates the accumulation of PRDM16 to pro-
mote “brownness”, acting downstream of cell fate choice.

Our mouse model recapitulated several defining features of SRS but there are potential limi-
tations with this study. Firstly, the human and mouse CDKN1C predicted proteins share
amino acid sequence conservation in the cyclin-dependent kinase inhibitory domain and in
the QT domain, but the internal proline-rich and an acidic repeat domains found in the mouse
sequence are replaced by a single PAPA repeat in the human sequence [27]. A key question
that therefore arises is whether CDKN1C functions in humans to regulate brown adipogenesis?
Although a low body mass index is consistent with more brown adipose tissue, we can find no
report examining brown adipose tissue in SRS patients. However, recent data suggest that
increased methylation at CDKN1C is associated with a higher BMI in a normal population [70]
which holds promise. Secondly, while the transgenic model partially recapitulates the minimal
microduplication observed in SRS, some key Cdkn1c enhancers located at a distance from the
gene are absent from the mouse transgene [51]. We have examined the consequences of
increased dosage in only a subset of tissues in which Cdkn1c is normally expressed, which
excludes skeletal muscle and cartilage. However, this is likely to also be true for the SRS syn-
drome patients with smaller microduplications as the human CDKN1C enhancers are also
located at a distance from the gene body [55].

Loss-of-function of CDKN1C in humans has been reported in cases of BWS. Excessive
weight gain, which might be anticipated from a lack of BAT, is not a feature of BWS. BWS chil-
dren can display neonatal hypoglycemia and one recent study reported early onset diabetes in
a family with a mutation in CDKN1C [71], all of which could suggest a metabolic function for
CDKN1C in humans. There are differences in the epigenetic regulation between humans and
mice with some expression from the paternal allele in humans [55] which may attenuate the
phenotype in BWS. Our findings may therefore have implications for several rare human
imprinting disorders.
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There is now sufficient evidence from animal models and human studies to indicate a key
role for the imprinted CDKN1C gene in SRS, BWS and IMAGe syndrome (Fig 9). This knowl-
edge will undoubtedly improve our understanding of these complex childhood growth

Fig 9. Two-foldCdkn1c expression results in fetal growth restriction with characteristic features of Silver Russell Syndrome whereas loss-of
function ofCdkn1c results in fetal overgrowth with characteristic features of BeckwithWeidemann Syndrome.

doi:10.1371/journal.pgen.1005916.g009
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disorders and their longer term implications. From an evolutionary perspective, our finding
that Cdkn1c acts early in life to promote the formation of brown adipose tissue in mice is also
intriguing. Thermogenesis is critical for the survival of young mammals before the develop-
ment of subcutaneous fat and hair but comes at an energetic cost to the individual. Cdkn1c is
both a BAT-promoting gene and one that negatively regulates embryonic growth [24, 25]. Our
data predict that silencing of Cdkn1c by the paternal genome, which occurred after mammals
diverged from marsupials [72], would result in larger offspring with the simultaneous realloca-
tion of resources away from maintaining body temperature towards supporting the enhanced
growth, providing a clear competitive advantage and lending support to the hypothesis that
thermogenesis is an arena for genomic conflict in mammals [73].

In conclusion, this work provides genetic evidence from a physiological relevant animal
mode that Cdkn1c functions to boosts the development of BAT in mice. This work fundamen-
tally establishes that Cdkn1c gene dosage, rather than gene function per se, plays a key role in
this process. We critically show that relatively small (< two-fold) changes in gene expression
can have a dramatic consequence for development in mice with long lasting consequences. If
these functions hold true in humans, this information will provide a step change in our under-
standing of the pathologies that occur in SRS and potentially other disorders including BWS
and IMAGe syndrome, leading to improved diagnosis and the clinical management of patients.

Materials and Methods

Animals and husbandry
All animal studies and breeding was approved by the University of Cardiff ethical committee
and performed under a UK Home Office project license (RMJ). Mice were housed on a 12 hour
light–dark cycle with lights coming on at 06.00 hours with a temperature range of 21°C +/- 2
with free access to tap water and standard chow. BAC transgenic lines Cdkn1cBACx1,
Cdkn1cBACx2 and Cdkn1c BAC-lacZ, were bred onto a C57BL/6J (BL6) background for>12 gen-
erations and genotyped as described [51]. The Cdkn1ctm1Sje allele [21] for historical reasons
was maintained on the 129S2/SvHsd (129) background. Cdkn1c-RFLP mice were generated by
crossing aM.m. spretusmale with a BL6 female and selecting for the Cdkn1c AvaI RFLP for
>8 generations. Basal body temperatures of group-housed, experimentally naive female trans-
genic mice were monitored with a rectal probe (IN005A, Vet Tech solution). Surface tempera-
ture of P2 pups was recorded using a thermal imaging camera (Optris P1200). Glucose
concentrations in whole blood were determined in neonatal pups in the fed state with the
HemoCue system.

Histological analyses, in situ hybridisation and immunohistochemistry
β-galactosidase (lacZ) staining, H&E staining and in situ hybridisation were performed as pre-
viously described [51]. CDKN1C immunohistochemistry: 10 μm sections were prepared from
E16.5 fetuses fixed overnight in 4% PFA at 4°C and paraffin embedded. Slides were dewaxed in
xylene and rehydrated through graded ethanols, submerged in 1X Citrate Buffer (DAKO) and
heated in a pressure cooker for 20 minutes. Slides were cooled and blocked for 20 minutes in
Peroxidase Block (Envsion), then 30 minutes in 10% normal rabbit serum and 1% BSA in PBS,
and then incubated in primary antibody (Santa Cruz P57 M-20; SC-1039) overnight at room
temperature diluted 1:50 in 10% rabbit serum and 1% BSA in PBS, washed in PBS, incubated
with 1:200 dilution of HRP-conjugated rabbit anti-goat IgG secondary (DAKO) for 1 hour at
room temperature, washed in PBS 3 x 5 minutes at room temperature and visualized with DAB
(DAKO). Slides were counterstained in Mayers Haematoxylin, dehydrated, cleared and
mounted in DPX mounting medium. For electron microscopy, rpWATs from P7 mice were
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fixed overnight in 2% PFA/2% gluteraldehyde in 0.1M Sorensons PB, post fixed in 1% osmium
tetraoxide for 2 hours and stained in uranyl acetate overnight at 4°C. After sequential dehydra-
tion, samples were embedded in pure araldite and ultra-thin sections were visualised under
Philips TEM 208 transmission electron microscope (Phillips). Cryosections were incubated
with primary antibodies (1:100 dilution) for 3 hours at room temperature, washed in PBS
before incubation with fluorescent secondary antibodies (1:1000 dilution) for one hour at 4°C
followed by 4’,6-diamidino-2-phenylindole (DAPI) staining. Slides were mounted using Fluor-
omount aqueous media (Sigma) and imaged using Leica TCS SP2 AOBS laser confocal micro-
scope, and Leica Confocal software. Samples were scanned with appropriate excitation and
emission settings (S2 Table). To identify label-retaining cells in iBAT, we performed two BrdU
pulse chase experiments. WT pregnant mice were intraperitoneally administered injections of
BrdU at 80 mg/kg/time (Sigma, USA) either once at E16.5 or twice daily from E16.5 for two
days. Offspring born from these pregnancies were euthanised 6–8 weeks after the last BrdU
injection. iBAT was harvested and cryosections were incubated with the primary antibodies to
CDKN1C, PRDM16, BRDU and fluorescent secondary antibodies as described above. Samples
were scanned with appropriate excitation and emission settings (S3 Table).

DNA, RNA and protein analysis
Genomic DNA was bisulphite treated using an EZ DNAMethylation Kit (Zymo Research).
Sodiummodification treatments were carried out in duplicate for each DNA sample and at least
three independent amplification experiments were performed for each individual examined. The
region spanning the Cdkn1cwas amplified by PCR using primers 5’-tgggtgtagagggtggatttagtta-3’s
and 5’- cccacaaaaaccctaccccc-3’ and hemi-nested primer 5’- gtattgttaggattaggatttagttggtagtagtag.
The PCR products were cloned into pGEM-T (Promega, Madison, WI, USA) and an average of
20 clones per sample were sequenced using M13 reverse primer and an automated ABI Prism
3130xl Genetic Analyzer (Applied Biosystems, Foster city, CA, USA) as previously described
[74]. Quantitative RT-PCR was performed in duplicate on four independent samples obtained
from two litters as described [75]. Mitochondrial DNA was quantitated by comparing the nuclear
mitochondrial marker cytochrome c, somatic (Cycs) with the mitochondrion-encoded cytochrome
c oxidase subunit II (Cox2) by quantitative PCR. Primers are given in S1 Table. RFLP analysis
was performed on cDNA prepared from iBAT and rpWAT obtained from crossing a BL6 female
with a Cdkn1c-RFLPmale. Western blot analysis: total proteins (30 μg) were resolved by
SDS-PAGE, transferred to PVDF (Millipore Corp., Bedford, MA), blocked in TBS-T (10 mM
Tris, 150 mMNaCl, 0.05% Tween 20, 5% skimmed milk), incubated with primary antibodies
(Sigma SAB4500071 CDKN1C; Sigma SAB1300006 PRDM16; Abcam ab10983 UCP1; R&D
sytems MAB5966 MYOD; Sigma A5316 β-ACTIN) and visualised using secondary horseradish
peroxidase-linked antibodies (Invitrogen) and ECL.

Cell culture
For differentiation experiments, MEFs isolated from E12.5 embryos and cultured in DMEM/
F12 (Invitrogen), 10% fetal bovine serum (Invitrogen), 2 mM glutamine (Sigma) and 50 μg/ml
penicillin/streptomycin (Sigma) for two passages were used. Differentiation of two-day-post
confluent MEFs (D0) was performed by incubation with 170 nM insulin (Sigma), 250 nM
dexamethasone (Sigma), 2.5 nM rosiglitazone (Axxora ALX-350-125-M025) and 0.5 mM iso-
butylmethylxanthine (IBMX) (Sigma) for 2 days and medium containing only 170 nM insulin
and 2.5 nM rosiglitazone for 6 additional days, changing the medium every 48 hours. For
ORO, cells were fixed for 20 minutes in paraformaldehyde vapour and stained for 15 minutes
with Oil Red O solution (0.6% (w/v) in isopropanol:water 60:40), washed and photographed.
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For UCP1 western blots, cells differentiated for 8 days were harvested, or treated with vehicle
(dimethyl sulfoxide) or 9-cis-retinoic acid (1 μM in dimethyl sulfoxide) over 48 hours with pro-
tein extraction at intervals. For confocal microscopy, MEFs underwent differentiation in 5 cm
glass bottom plates (Mat Tek). After 8 days of differentiation, cells were stained with 5 μg/ml
Hoechst 33342 (Invitrogen) and Rhodimine-123 (Sigma Aldrich) for 30 minutes at 37°C. Dyes
were removed, and cells were washed for 5 minutes in media. Further staining with 7.5 μg/ ml
HCS CellMask Red (Invitrogen) for 10 minutes was performed followed by three washes in
ddH20. Samples were imaged using Leica TCS SP2 AOBS laser confocal microscope and Leica
Confocal software. HIB-1B cells were maintained in DMEM/F12 (Invitrogen) supplemented
with 10% fetal bovine serum (Invitrogen), 2 mM glutamine (Sigma) and 50μg/ml penicillin/
streptomycin (Sigma). The siRNA sequence for Cdkn1c-depletion was p57 siRNA (m) (Santa
Cruz Biotechnology sc-37621). Control siRNA-A (Santa Cruz Biotechnology sc-37007) was
used as the scrambled sequence. Lipid complexes were prepared and reverse transfected
according to manufacturer instructions (INTERFERin, Polyplus) in 12-well plates with 10
pmole of the siRNAs complexed with 2 μl of INTERFERin in OPTIMEM with a repeat trans-
fection performed at 24 hours. Cells were harvested 48 hours after transfection and analysed by
western blotting. Experiments were performed in three separate occasions in duplicate (ECL)
or triplicate (fluorescent) wells.

Statistical analyses
Statistical significance (Probability values) was determined using the Student’s t-Test (two
tailed distribution and two sample unequal variance). For qPCR analysis, Mann-Whitney test
was performed on ΔCt values between groups.

Supporting Information
S1 Fig. Assessment of fetal weights and survival on C57BL/6J strain background. (A) E16.5
weight data for BACx1, BACx2 and BAClaz (B) E18.5 weight data for BACx1, BACx2 and
BAClaz (C) CHI-SQUARED χ2 test. Null = no difference in n; Alternative = difference in n;
Critical Value 3.841; P = 0.05; Degrees of Freedom = 1
(TIF)

S2 Fig. Magnetic resonance images showing fat deposition in non-transgenic (A) and
BACx1 transgenic (B) adult male littermates on a mixed 129/BL6 genetic background. Two
multislice image sets were obtained without and with chemical shift selective fat suppression to
generate fat only images (right). Transgenic males had visibly less subcutaneous and visceral
fat (white signal).
(TIF)

S3 Fig. Assessment of BAC-lacZ reporter adipose depots. (A) H&E staining of WT and
BAC-lacZ P7 rpWAT. (B) QPCR of BAT markers in WT and BAC-lacZ P7 rpWAT. (C) H&E
staining of WT and BAC-lacZ P7 iBAT. (D) QPCR of BAT markers in WT and BAC-lacZ P7
iBAT. WT and reporter line are morphologically indistinguishable and exhibit wild type levels
of Cdkn1c, Ucp1, Elovl3 and Prdm16 genetically attributing the rpWAT and iBAT alterations
in BACx1 and BACx2 pups to elevated expression of Cdkn1c.
(TIF)

S4 Fig. QPCR analysis of markers of adipocyte differentiation for adipocyte-differentiated
MEFs. Rb1, PPARγ, C/EBPα and C/EBPβ in WT, BACx1 and KOMAT adipocyte-differentiated
MEFs (same samples as shown in Fig 7D).
(TIF)

Cdkn1c in Silver Russell Syndrome

PLOSGenetics | DOI:10.1371/journal.pgen.1005916 March 10, 2016 21 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1005916.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1005916.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1005916.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1005916.s004


S1 Table. QPCR primers.
(DOCX)

S2 Table. Immunofluorescence primary and secondary antibodies used to generate data
shown in Fig 8A.
(DOCX)

S3 Table. Immunofluorescence primary and secondary antibodies used to generate data
shown in Fig 8C.
(DOCX)

Author Contributions
Conceived and designed the experiments: RMJ MVDP SJT. Performed the experiments:
MVDP SJT TS GIM SM LB SP. Analyzed the data: MVDP SJT RMJ GIM. Contributed
reagents/materials/analysis tools: MC RMJ. Wrote the paper: RMJ MVDP SJT MC AVP.

References
1. Eggermann T. Silver-Russell and Beckwith-Wiedemann syndromes: opposite (epi)mutations in 11p15

result in opposite clinical pictures. Horm Res. 2009; 71 Suppl 2:30–5. Epub 2009/05/07. doi: 10.1159/
000192433 PMID: 19407494

2. Jacob KJ, RobinsonWP, Lefebvre L. Beckwith-Wiedemann and Silver-Russell syndromes: opposite
developmental imbalances in imprinted regulators of placental function and embryonic growth. Clin
Genet. 2013; 84(4):326–34. doi: 10.1111/cge.12143 PMID: 23495910

3. Eggermann T, Binder G, Brioude F, Maher ER, Lapunzina P, Cubellis MV, et al. CDKN1Cmutations:
two sides of the same coin. Trends in molecular medicine. 2014; 20(11):614–22. doi: 10.1016/j.
molmed.2014.09.001 PMID: 25262539

4. Chiesa N, De Crescenzo A, Mishra K, Perone L, Carella M, Palumbo O, et al. The KCNQ1OT1 imprint-
ing control region and non-coding RNA: new properties derived from the study of Beckwith-Wiedemann
syndrome and Silver-Russell syndrome cases. HumMol Genet. 2011; 21(1):10–25. Epub 2011/09/17.
doi: 10.1093/hmg/ddr419 PMID: 21920939

5. 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. Epub 2012/05/29.

6. Hamajima N, Johmura Y, Suzuki S, Nakanishi M, Saitoh S. Increased protein stability of CDKN1C
causes a gain-of-function phenotype in patients with IMAGe syndrome. PloS one. 2013; 8(9):e75137.
doi: 10.1371/journal.pone.0075137 PMID: 24098681

7. 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. doi: 10.1136/jmedgenet-2013-101691 PMID: 24065356

8. Wakeling EL. Silver-Russell syndrome. Arch Dis Child. 2011; 96(12):1156–61. doi: 10.1136/adc.2010.
190165 PMID: 21349887

9. Begemann M, Zirn B, Santen G, Wirthgen E, Soellner L, Buttel HM, et al. Paternally Inherited IGF2
Mutation and Growth Restriction. N Engl J Med. 2015; 373(4):349–56. doi: 10.1056/NEJMoa1415227
PMID: 26154720

10. Nakashima S, Kato F, Kosho T, Nagasaki K, Kikuchi T, Kagami M, et al. Silver-Russell syndrome with-
out body asymmetry in three patients with duplications of maternally derived chromosome 11p15
involving CDKN1C. J HumGenet. 2015; 60(2):91–5. doi: 10.1038/jhg.2014.100 PMID: 25427884

11. Fisher AM, Thomas NS, Cockwell A, Stecko O, Kerr B, Temple IK, et al. Duplications of chromosome
11p15 of maternal origin result in a phenotype that includes growth retardation. HumGenet. 2002; 111
(3):290–6. PMID: 12215843

12. Eggermann T, Meyer E, Obermann C, Heil I, Schuler H, Ranke MB, et al. Is maternal duplication of
11p15 associated with Silver-Russell syndrome? J Med Genet. 2005; 42(5):e26. Epub 2005/05/03.
PMID: 15863658

13. South ST, Whitby H, Maxwell T, Aston E, Brothman AR, Carey JC. Co-occurrence of 4p16.3 deletions
with both paternal and maternal duplications of 11p15: modification of the Wolf-Hirschhorn syndrome
phenotype by genetic alterations predicted to result in either a Beckwith-Wiedemann or Russell-Silver
phenotype. Am J Med Genet A. 2008; 146A(20):2691–7. doi: 10.1002/ajmg.a.32516 PMID: 18798325

Cdkn1c in Silver Russell Syndrome

PLOSGenetics | DOI:10.1371/journal.pgen.1005916 March 10, 2016 22 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1005916.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1005916.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1005916.s007
http://dx.doi.org/10.1159/000192433
http://dx.doi.org/10.1159/000192433
http://www.ncbi.nlm.nih.gov/pubmed/19407494
http://dx.doi.org/10.1111/cge.12143
http://www.ncbi.nlm.nih.gov/pubmed/23495910
http://dx.doi.org/10.1016/j.molmed.2014.09.001
http://dx.doi.org/10.1016/j.molmed.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25262539
http://dx.doi.org/10.1093/hmg/ddr419
http://www.ncbi.nlm.nih.gov/pubmed/21920939
http://dx.doi.org/10.1371/journal.pone.0075137
http://www.ncbi.nlm.nih.gov/pubmed/24098681
http://dx.doi.org/10.1136/jmedgenet-2013-101691
http://www.ncbi.nlm.nih.gov/pubmed/24065356
http://dx.doi.org/10.1136/adc.2010.190165
http://dx.doi.org/10.1136/adc.2010.190165
http://www.ncbi.nlm.nih.gov/pubmed/21349887
http://dx.doi.org/10.1056/NEJMoa1415227
http://www.ncbi.nlm.nih.gov/pubmed/26154720
http://dx.doi.org/10.1038/jhg.2014.100
http://www.ncbi.nlm.nih.gov/pubmed/25427884
http://www.ncbi.nlm.nih.gov/pubmed/12215843
http://www.ncbi.nlm.nih.gov/pubmed/15863658
http://dx.doi.org/10.1002/ajmg.a.32516
http://www.ncbi.nlm.nih.gov/pubmed/18798325


14. Bliek J, Snijder S, Maas SM, Polstra A, van der Lip K, Alders M, et al. Phenotypic discordance upon
paternal or maternal transmission of duplications of the 11p15 imprinted regions. Eur J Med Genet.
2009; 52(6):404–8. doi: 10.1016/j.ejmg.2009.08.006 PMID: 19735747

15. Eggermann T, Spengler S, Bachmann N, Baudis M, Mau-Holzmann UA, Singer S, et al. Chromosome
11p15 duplication in Silver-Russell syndrome due to a maternally inherited translocation t(11;15). Am J
Med Genet A. 2010; 152A(6):1484–7. Epub 2010/05/27. doi: 10.1002/ajmg.a.33398 PMID: 20503324

16. Cardarelli L, Sparago A, De Crescenzo A, Nalesso E, Zavan B, Cubellis MV, et al. Silver-Russell syn-
drome and Beckwith-Wiedemann syndrome phenotypes associated with 11p duplication in a single
family. Pediatr Dev Pathol. 2010; 13(4):326–30. doi: 10.2350/09-07-0686-CR.1 PMID: 20028213

17. Schonherr N, Meyer E, Roos A, Schmidt A, Wollmann HA, Eggermann T. The centromeric 11p15
imprinting centre is also involved in Silver-Russell syndrome. J Med Genet. 2007; 44(1):59–63. Epub
2006/09/12. PMID: 16963484

18. Bonaldi A, Mazzeu JF, Costa SS, Honjo RS, Bertola DR, Albano LM, et al. Microduplication of the ICR2
domain at chromosome 11p15 and familial Silver-Russell syndrome. Am J Med Genet A. 2011; 155A
(10):2479–83. doi: 10.1002/ajmg.a.34023 PMID: 21910219

19. Hatada I, Mukai T. Genomic imprinting of p57KIP2, a cyclin-dependent kinase inhibitor, in mouse. Nat
Genet. 1995; 11(2):204–6. PMID: 7550351

20. Hatada I, Inazawa J, Abe T, NakayamaM, Kaneko Y, Jinno Y, et al. Genomic imprinting of human
p57KIP2 and its reduced expression in Wilms' tumors. HumMol Genet. 1996; 5(6):783–8. PMID:
8776593

21. Zhang P, Liegeois NJ, Wong C, Finegold M, Hou H, Thompson JC, et al. Altered cell differentiation and
proliferation in mice lacking p57KIP2 indicates a role in Beckwith-Wiedemann syndrome. Nature. 1997;
387(6629):151–8. PMID: 9144284

22. Yan Y, Frisen J, Lee MH, Massague J, Barbacid M. Ablation of the CDK inhibitor p57Kip2 results in
increased apoptosis and delayed differentiation during mouse development. Genes Dev. 1997; 11
(8):973–83. PMID: 9136926

23. Takahashi K, Kobayashi T, Kanayama N. p57(Kip2) regulates the proper development of labyrinthine
and spongiotrophoblasts. Mol Hum Reprod. 2000; 6(11):1019–25. PMID: 11044465

24. Andrews SC, Wood MD, Tunster SJ, Barton SC, Surani MA, John RM. Cdkn1c (p57Kip2) is the major
regulator of embryonic growth within its imprinted domain on mouse distal chromosome 7. BMCDev
Biol. 2007; 7:53. Epub 2007/05/23. PMID: 17517131

25. Tunster SJ, Van de Pette M, John RM. Fetal overgrowth in the Cdkn1c mouse model of Beckwith-Wie-
demann syndrome. Dis Model Mech. 2011; 4(6):814–21. Epub 2011/07/07. doi: 10.1242/dmm.007328
PMID: 21729874

26. Sherr CJ, Roberts JM. CDK inhibitors: positive and negative regulators of G1-phase progression.
Genes Dev. 1999; 13(12):1501–12. Epub 1999/07/01. PMID: 10385618

27. Matsuoka S, Edwards MC, Bai C, Parker S, Zhang P, Baldini A, et al. p57KIP2, a structurally distinct
member of the p21CIP1 Cdk inhibitor family, is a candidate tumor suppressor gene. Genes Dev. 1995;
9(6):650–62. PMID: 7729684

28. Lee MH, Reynisdottir I, Massague J. Cloning of p57KIP2, a cyclin-dependent kinase inhibitor with
unique domain structure and tissue distribution. Genes Dev. 1995; 9(6):639–49. PMID: 7729683

29. Westbury J, Watkins M, Ferguson-Smith AC, Smith J. Dynamic temporal and spatial regulation of the
cdk inhibitor p57(kip2) during embryo morphogenesis. Mech Dev. 2001; 109(1):83–9. PMID: 11677056

30. Reynaud EG, Guillier M, Leibovitch MP, Leibovitch SA. Dimerization of the amino terminal domain of
p57Kip2 inhibits cyclin D1- cdk4 kinase activity. Oncogene. 2000; 19(9):1147–52. PMID: 10713702

31. Joseph B, Wallen-Mackenzie A, Benoit G, Murata T, Joodmardi E, Okret S, et al. p57(Kip2) cooperates
with Nurr1 in developing dopamine cells. Proc Natl Acad Sci U S A. 2003; 100(26):15619–24. PMID:
14671317

32. Dyer MA, Cepko CL. p57(Kip2) regulates progenitor cell proliferation and amacrine interneuron devel-
opment in the mouse retina. Development. 2000; 127(16):3593–605. PMID: 10903183

33. Joseph B, Andersson ER, Vlachos P, Sodersten E, Liu L, Teixeira AI, et al. p57Kip2 is a repressor of
Mash1 activity and neuronal differentiation in neural stem cells. Cell Death Differ. 2009; 16(9):1256–65.
Epub 2009/07/11. doi: 10.1038/cdd.2009.72 PMID: 19590511

34. Georgia S, Soliz R, Li M, Zhang P, Bhushan A. p57 and Hes1 coordinate cell cycle exit with self-
renewal of pancreatic progenitors. Dev Biol. 2006; 298(1):22–31. Epub 2006/08/11. PMID: 16899237

35. Jia J, Lin M, Zhang L, York JP, Zhang P. The Notch signaling pathway controls the size of the ocular
lens by directly suppressing p57Kip2 expression. Mol Cell Biol. 2007; 27(20):7236–47. Epub 2007/08/
22. PMID: 17709399

Cdkn1c in Silver Russell Syndrome

PLOSGenetics | DOI:10.1371/journal.pgen.1005916 March 10, 2016 23 / 25

http://dx.doi.org/10.1016/j.ejmg.2009.08.006
http://www.ncbi.nlm.nih.gov/pubmed/19735747
http://dx.doi.org/10.1002/ajmg.a.33398
http://www.ncbi.nlm.nih.gov/pubmed/20503324
http://dx.doi.org/10.2350/09-07-0686-CR.1
http://www.ncbi.nlm.nih.gov/pubmed/20028213
http://www.ncbi.nlm.nih.gov/pubmed/16963484
http://dx.doi.org/10.1002/ajmg.a.34023
http://www.ncbi.nlm.nih.gov/pubmed/21910219
http://www.ncbi.nlm.nih.gov/pubmed/7550351
http://www.ncbi.nlm.nih.gov/pubmed/8776593
http://www.ncbi.nlm.nih.gov/pubmed/9144284
http://www.ncbi.nlm.nih.gov/pubmed/9136926
http://www.ncbi.nlm.nih.gov/pubmed/11044465
http://www.ncbi.nlm.nih.gov/pubmed/17517131
http://dx.doi.org/10.1242/dmm.007328
http://www.ncbi.nlm.nih.gov/pubmed/21729874
http://www.ncbi.nlm.nih.gov/pubmed/10385618
http://www.ncbi.nlm.nih.gov/pubmed/7729684
http://www.ncbi.nlm.nih.gov/pubmed/7729683
http://www.ncbi.nlm.nih.gov/pubmed/11677056
http://www.ncbi.nlm.nih.gov/pubmed/10713702
http://www.ncbi.nlm.nih.gov/pubmed/14671317
http://www.ncbi.nlm.nih.gov/pubmed/10903183
http://dx.doi.org/10.1038/cdd.2009.72
http://www.ncbi.nlm.nih.gov/pubmed/19590511
http://www.ncbi.nlm.nih.gov/pubmed/16899237
http://www.ncbi.nlm.nih.gov/pubmed/17709399


36. Tury A, Mairet-Coello G, DiCicco-Bloom E. The cyclin-dependent kinase inhibitor p57Kip2 regulates
cell cycle exit, differentiation, and migration of embryonic cerebral cortical precursors. Cereb Cortex.
2011; 21(8):1840–56. Epub 2011/01/20. doi: 10.1093/cercor/bhq254 PMID: 21245411

37. Bilodeau S, Roussel-Gervais A, Drouin J. Distinct developmental roles of cell cycle inhibitors p57Kip2
and p27Kip1 distinguish pituitary progenitor cell cycle exit from cell cycle reentry of differentiated cells.
Mol Cell Biol. 2009; 29(7):1895–908. Epub 2009/01/14. doi: 10.1128/MCB.01885-08 PMID: 19139274

38. Dugas JC, Ibrahim A, Barres BA. A crucial role for p57(Kip2) in the intracellular timer that controls oligo-
dendrocyte differentiation. J Neurosci. 2007; 27(23):6185–96. PMID: 17553990

39. Mascarenhas MI, Parker A, Dzierzak E, Ottersbach K. Identification of novel regulators of hematopoi-
etic stem cell development through refinement of stem cell localization and expression profiling. Blood.
2009; 114(21):4645–53. Epub 2009/10/02. doi: 10.1182/blood-2009-06-230037 PMID: 19794138

40. Nagahama H, Hatakeyama S, Nakayama K, Nagata M, Tomita K, Nakayama K. Spatial and temporal
expression patterns of the cyclin-dependent kinase (CDK) inhibitors p27Kip1 and p57Kip2 during
mouse development. Anat Embryol (Berl). 2001; 203(2):77–87.

41. Matsumoto A, Takeishi S, Kanie T, Susaki E, Onoyama I, Tateishi Y, et al. p57 is required for quies-
cence and maintenance of adult hematopoietic stem cells. Cell Stem Cell. 2011; 9(3):262–71. Epub
2011/09/03. doi: 10.1016/j.stem.2011.06.014 PMID: 21885021

42. Zacharek SJ, Fillmore CM, Lau AN, Gludish DW, Chou A, Ho JW, et al. Lung stem cell self-renewal
relies on BMI1-dependent control of expression at imprinted loci. Cell Stem Cell. 2011; 9(3):272–81.
Epub 2011/09/03. doi: 10.1016/j.stem.2011.07.007 PMID: 21885022

43. Furutachi S, Matsumoto A, Nakayama KI, Gotoh Y. p57 controls adult neural stem cell quiescence and
modulates the pace of lifelong neurogenesis. Embo J. 2013. Epub 2013/03/14.

44. Azcona C, Stanhope R. Hypoglycaemia and Russell-Silver syndrome. J Pediatr Endocrinol Metab.
2005; 18(7):663–70. Epub 2005/09/01. PMID: 16128243

45. Enerback S. The origins of brown adipose tissue. N Engl J Med. 2009; 360(19):2021–3. Epub 2009/05/
08. doi: 10.1056/NEJMcibr0809610 PMID: 19420373

46. Petrovic N, Walden TB, Shabalina IG, Timmons JA, Cannon B, Nedergaard J. Chronic peroxisome pro-
liferator-activated receptor gamma (PPARgamma) activation of epididymally derived white adipocyte
cultures reveals a population of thermogenically competent, UCP1-containing adipocytes molecularly
distinct from classic brown adipocytes. J Biol Chem. 2010; 285(10):7153–64. Epub 2009/12/24. doi: 10.
1074/jbc.M109.053942 PMID: 20028987

47. Ishibashi J, Seale P. Medicine. Beige can be slimming. Science. 2010; 328(5982):1113–4. Epub 2010/
05/08. doi: 10.1126/science.1190816 PMID: 20448151

48. Seale P, Bjork B, YangW, Kajimura S, Chin S, Kuang S, et al. PRDM16 controls a brown fat/skeletal
muscle switch. Nature. 2008; 454(7207):961–7. Epub 2008/08/23. doi: 10.1038/nature07182 PMID:
18719582

49. Wu J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH, et al. Beige adipocytes are a distinct type of
thermogenic fat cell in mouse and human. Cell. 2012; 150(2):366–76. Epub 2012/07/17. doi: 10.1016/j.
cell.2012.05.016 PMID: 22796012

50. Harms M, Seale P. Brown and beige fat: development, function and therapeutic potential. Nat Med.
2013; 19(10):1252–63. doi: 10.1038/nm.3361 PMID: 24100998

51. John RM, Ainscough JF, Barton SC, Surani MA. Distant cis-elements regulate imprinted expression of
the mouse p57 (Kip2) (Cdkn1c) gene: implications for the human disorder, Beckwith—Wiedemann syn-
drome. HumMol Genet. 2001; 10(15):1601–9. PMID: 11468278

52. Asahara S, Etoh H, Inoue H, Teruyama K, Shibutani Y, Ihara Y, et al. Paternal allelic mutation at the
Kcnq1 locus reduces pancreatic beta-cell mass by epigenetic modification of Cdkn1c. Proc Natl Acad
Sci U S A. 2015; 112(27):8332–7. doi: 10.1073/pnas.1422104112 PMID: 26100882

53. Seale P, Conroe HM, Estall J, Kajimura S, Frontini A, Ishibashi J, et al. Prdm16 determines the thermo-
genic program of subcutaneous white adipose tissue in mice. J Clin Invest. 2011; 121(1):96–105. doi:
10.1172/JCI44271 PMID: 21123942

54. Li T, Vu TH, Ulaner GA, Littman E, Ling JQ, Chen HL, et al. IVF results in de novo DNAmethylation and
histone methylation at an Igf2-H19 imprinting epigenetic switch. Mol Hum Reprod. 2005; 11(9):631–40.
PMID: 16219628

55. John RM, Hodges M, Little P, Barton SC, Surani MA. A human p57(KIP2) transgene is not activated by
passage through the maternal mouse germline. HumMol Genet. 1999; 8(12):2211–9. PMID: 10545601

56. Renolleau S, Dauger S, Autret F, Vardon G, Gaultier C, Gallego J. Maturation of baseline breathing and
of hypercapnic and hypoxic ventilatory responses in newborn mice. Am J Physiol Regul Integr Comp
Physiol. 2001; 281(5):R1746–53. PMID: 11641148

Cdkn1c in Silver Russell Syndrome

PLOSGenetics | DOI:10.1371/journal.pgen.1005916 March 10, 2016 24 / 25

http://dx.doi.org/10.1093/cercor/bhq254
http://www.ncbi.nlm.nih.gov/pubmed/21245411
http://dx.doi.org/10.1128/MCB.01885-08
http://www.ncbi.nlm.nih.gov/pubmed/19139274
http://www.ncbi.nlm.nih.gov/pubmed/17553990
http://dx.doi.org/10.1182/blood-2009-06-230037
http://www.ncbi.nlm.nih.gov/pubmed/19794138
http://dx.doi.org/10.1016/j.stem.2011.06.014
http://www.ncbi.nlm.nih.gov/pubmed/21885021
http://dx.doi.org/10.1016/j.stem.2011.07.007
http://www.ncbi.nlm.nih.gov/pubmed/21885022
http://www.ncbi.nlm.nih.gov/pubmed/16128243
http://dx.doi.org/10.1056/NEJMcibr0809610
http://www.ncbi.nlm.nih.gov/pubmed/19420373
http://dx.doi.org/10.1074/jbc.M109.053942
http://dx.doi.org/10.1074/jbc.M109.053942
http://www.ncbi.nlm.nih.gov/pubmed/20028987
http://dx.doi.org/10.1126/science.1190816
http://www.ncbi.nlm.nih.gov/pubmed/20448151
http://dx.doi.org/10.1038/nature07182
http://www.ncbi.nlm.nih.gov/pubmed/18719582
http://dx.doi.org/10.1016/j.cell.2012.05.016
http://dx.doi.org/10.1016/j.cell.2012.05.016
http://www.ncbi.nlm.nih.gov/pubmed/22796012
http://dx.doi.org/10.1038/nm.3361
http://www.ncbi.nlm.nih.gov/pubmed/24100998
http://www.ncbi.nlm.nih.gov/pubmed/11468278
http://dx.doi.org/10.1073/pnas.1422104112
http://www.ncbi.nlm.nih.gov/pubmed/26100882
http://dx.doi.org/10.1172/JCI44271
http://www.ncbi.nlm.nih.gov/pubmed/21123942
http://www.ncbi.nlm.nih.gov/pubmed/16219628
http://www.ncbi.nlm.nih.gov/pubmed/10545601
http://www.ncbi.nlm.nih.gov/pubmed/11641148


57. Bollen B, Bouslama M, Matrot B, Rotrou Y, Vardon G, Lofaso F, et al. Cold stimulates the behavioral
response to hypoxia in newborn mice. Am J Physiol Regul Integr Comp Physiol. 2009; 296(5):R1503–
11. doi: 10.1152/ajpregu.90582.2008 PMID: 19297539

58. Soukas A, Socci ND, Saatkamp BD, Novelli S, Friedman JM. Distinct transcriptional profiles of adipo-
genesis in vivo and in vitro. J Biol Chem. 2001; 276(36):34167–74. Epub 2001/07/11. PMID: 11445576

59. Alvarez R, de Andres J, Yubero P, Vinas O, Mampel T, Iglesias R, et al. A novel regulatory pathway of
brown fat thermogenesis. Retinoic acid is a transcriptional activator of the mitochondrial uncoupling pro-
tein gene. J Biol Chem. 1995; 270(10):5666–73. Epub 1995/03/10. PMID: 7890689

60. Puigserver P, Vazquez F, Bonet ML, Pico C, Palou A. In vitro and in vivo induction of brown adipocyte
uncoupling protein (thermogenin) by retinoic acid. Biochem J. 1996; 317 (Pt 3):827–33. Epub 1996/08/
01. PMID: 8760369

61. Klaus S, Choy L, Champigny O, Cassard-Doulcier AM, Ross S, Spiegelman B, et al. Characterization
of the novel brown adipocyte cell line HIB 1B. Adrenergic pathways involved in regulation of uncoupling
protein gene expression. J Cell Sci. 1994; 107 (Pt 1):313–9. PMID: 8175918

62. Aguilo F, Avagyan S, Labar A, Sevilla A, Lee DF, Kumar P, et al. Prdm16 is a physiologic regulator of
hematopoietic stem cells. Blood. 2011; 117(19):5057–66. Epub 2011/02/24. doi: 10.1182/blood-2010-
08-300145 PMID: 21343612

63. Jadasz JJ, Rivera FJ, Taubert A, Kandasamy M, Sandner B, Weidner N, et al. p57kip2 regulates glial
fate decision in adult neural stem cells. Development. 2012; 139(18):3306–15. Epub 2012/08/10. doi:
10.1242/dev.074518 PMID: 22874918

64. Chuikov S, Levi BP, Smith ML, Morrison SJ. Prdm16 promotes stem cell maintenance in multiple tis-
sues, partly by regulating oxidative stress. Nat Cell Biol. 2010; 12(10):999–1006. Epub 2010/09/14. doi:
10.1038/ncb2101 PMID: 20835244

65. Fuchs E, Horsley V. Ferreting out stem cells from their niches. Nat Cell Biol. 2011; 13(5):513–8. Epub
2011/05/05. doi: 10.1038/ncb0511-513 PMID: 21540847

66. Wakeling EL, Amero SA, Alders M, Bliek J, Forsythe E, Kumar S, et al. Epigenotype-phenotype correla-
tions in Silver-Russell syndrome. J Med Genet. 2010; 47(11):760–8. Epub 2010/08/06. doi: 10.1136/
jmg.2010.079111 PMID: 20685669

67. Netchine I, Rossignol S, Dufourg MN, Azzi S, Rousseau A, Perin L, et al. 11p15 imprinting center region
1 loss of methylation is a common and specific cause of typical Russell-Silver syndrome: clinical scor-
ing system and epigenetic-phenotypic correlations. J Clin Endocrinol Metab. 2007; 92(8):3148–54.
PMID: 17504900

68. Reynaud EG, Leibovitch MP, Tintignac LA, Pelpel K, Guillier M, Leibovitch SA. Stabilization of MyoD by
direct binding to p57(Kip2). J Biol Chem. 2000; 275(25):18767–76. Epub 2000/04/15. PMID: 10764802

69. Reynaud EG, Pelpel K, Guillier M, Leibovitch MP, Leibovitch SA. p57(Kip2) stabilizes the MyoD protein
by inhibiting cyclin E-Cdk2 kinase activity in growing myoblasts. Mol Cell Biol. 1999; 19(11):7621–9.
Epub 1999/10/19. PMID: 10523650

70. Relton CL, Groom A, St Pourcain B, Sayers AE, Swan DC, Embleton ND, et al. DNAmethylation pat-
terns in cord blood DNA and body size in childhood. PloS one. 2012; 7(3):e31821. doi: 10.1371/journal.
pone.0031821 PMID: 22431966

71. 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. doi: 10.1210/jc.2014-1949 PMID:
25057881

72. Suzuki S, Renfree MB, Pask AJ, Shaw G, Kobayashi S, Kohda T, et al. Genomic imprinting of IGF2,
p57(KIP2) and PEG1/MEST in a marsupial, the tammar wallaby. Mech Dev. 2005; 122(2):213–22.
PMID: 15652708

73. Haig D. Huddling: brown fat, genomic imprinting and the warm inner glow. Curr Biol. 2008; 18(4):R172–
4. Epub 2008/02/28. doi: 10.1016/j.cub.2007.12.040 PMID: 18302923

74. WoodMD, Hiura H, Tunster S, Arima T, Shin JY, Higgins M, et al. Autonomous silencing of the
imprinted Cdkn1c gene in stem cells. Epigenetics. 2010; 5(3). Epub 2010/04/08.

75. Tunster SJ, Tycko B, John RM. The imprinted Phlda2 gene regulates extraembryonic energy stores.
Mol Cell Biol. 2010; 30(1):295–306. Epub 2009/11/04. doi: 10.1128/MCB.00662-09 PMID: 19884348

Cdkn1c in Silver Russell Syndrome

PLOSGenetics | DOI:10.1371/journal.pgen.1005916 March 10, 2016 25 / 25

http://dx.doi.org/10.1152/ajpregu.90582.2008
http://www.ncbi.nlm.nih.gov/pubmed/19297539
http://www.ncbi.nlm.nih.gov/pubmed/11445576
http://www.ncbi.nlm.nih.gov/pubmed/7890689
http://www.ncbi.nlm.nih.gov/pubmed/8760369
http://www.ncbi.nlm.nih.gov/pubmed/8175918
http://dx.doi.org/10.1182/blood-2010-08-300145
http://dx.doi.org/10.1182/blood-2010-08-300145
http://www.ncbi.nlm.nih.gov/pubmed/21343612
http://dx.doi.org/10.1242/dev.074518
http://www.ncbi.nlm.nih.gov/pubmed/22874918
http://dx.doi.org/10.1038/ncb2101
http://www.ncbi.nlm.nih.gov/pubmed/20835244
http://dx.doi.org/10.1038/ncb0511-513
http://www.ncbi.nlm.nih.gov/pubmed/21540847
http://dx.doi.org/10.1136/jmg.2010.079111
http://dx.doi.org/10.1136/jmg.2010.079111
http://www.ncbi.nlm.nih.gov/pubmed/20685669
http://www.ncbi.nlm.nih.gov/pubmed/17504900
http://www.ncbi.nlm.nih.gov/pubmed/10764802
http://www.ncbi.nlm.nih.gov/pubmed/10523650
http://dx.doi.org/10.1371/journal.pone.0031821
http://dx.doi.org/10.1371/journal.pone.0031821
http://www.ncbi.nlm.nih.gov/pubmed/22431966
http://dx.doi.org/10.1210/jc.2014-1949
http://www.ncbi.nlm.nih.gov/pubmed/25057881
http://www.ncbi.nlm.nih.gov/pubmed/15652708
http://dx.doi.org/10.1016/j.cub.2007.12.040
http://www.ncbi.nlm.nih.gov/pubmed/18302923
http://dx.doi.org/10.1128/MCB.00662-09
http://www.ncbi.nlm.nih.gov/pubmed/19884348

