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Maternal inheritance of the Gras cluster mutation
ExIA-T affects size, implicating NESP55 in growth
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Abstract Genes subjected to genomic imprinting are
often associated with prenatal and postnatal growth. Fur-
thermore, it has been observed that maternally silenced/
paternally expressed genes tend to favour offspring growth,
whilst paternally silenced/maternally expressed genes will
restrict growth. One imprinted cluster in which this has
been shown to hold true is the Gnas cluster; of the three
proteins expressed from this cluster, two, Gsa and XLas,
have been found to affect postnatal growth in a number of
different mouse models. The remaining protein in this
cluster, NESP55, has not yet been shown to be involved in
growth. We previously described a new mutation, Ex/A-T,
which upon paternal transmission resulted in postnatal
growth retardation due to loss of imprinting of Gso and
loss of expression of the paternally expressed XLas. Here
we describe maternal inheritance of Ex/A-T which gives
rise to a small but highly significant overgrowth phenotype
which we attribute to reduction of maternally expressed
NESP55.
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Introduction

Genomic imprinting occurs in a subset of genes whereby
gene expression is determined by the parent of origin. The
imprinted Gnas cluster, located on chromosome 2 in mice
and chromosome 20 in humans, contains transcripts that
are maternally, paternally, and/or biallelically expressed
(Peters et al. 1999) (Fig. 1). The Gnas cluster contains
three protein-coding transcripts, Nesp, Gnasxl, and Gnas,
which arise from three different promoters to give the
proteins NESP55, XLas, and Gso (Peters and Williamson
2007). All three transcripts contain unique first exon(s) and
all splice onto exon 2 of Gnas, from which point all the
transcripts are identical. XLas and Gso, but not NESP55,
can act as the o subunit of the heterotrimeric Gs protein,
and both XLas and Gsa have identical C-termini because
their transcripts code protein through to exon 12 of Gnas.
However, the NESP55 protein is generated exclusively
from unique Nesp exon 2; the rest of the Nesp transcript,
which is identical in sequence to exons 2—12 of Gnasxl and
Gnas, comprises the 3’'UTR.

NESP55, or Neuroendocrine Secretory Protein of
molecular weight 55,000, belongs to the granin family
(Ischia et al. 1997). The granin family members are
involved in endocrine and neuronal secretory pathways,
and although the exact mechanisms of these proteins
remain poorly understood, peptides derived from the gra-
nins have been shown to be involved in neuroendocrine,
cardiovascular, endocrine, and inflammation systems.
Many granins, including NESP55, have been shown to act
as biomarkers for endocrine and neuroendocrine tumours
(Bartolomucci et al. 2011). NESP55 is expressed in neural
tissues such as the pons, midbrain, and hypothalamus; more
specifically, high levels of expression are observed in the
noradrenergic locus coeruleus, the dorsal raphe nucleus,
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Fig. 1 Schematic diagram of the mouse Gnas cluster. Maternal (Mat)
and paternal (Pat) transcripts are shown above and below the line,
respectively. Maternal and paternal differentially methylated regions
are shown above and below the line, respectively, and are designated
with a “+.” Arrows show initiation and direction of transcription.
Coding sections of the transcripts are shown in black whilst
noncoding sections are shown in grey. Asterisk denotes that Gnas

the Edinger-Westphal nucleus, and the arcuate nucleus
(Bauer et al. 1999; Plagge et al. 2005).

The Gnas cluster also contains two long noncoding
RNA transcripts, Nespas, which transcribes antisense to
Nesp, and ExonlA, whose first exon lies between the first
exon of Gnasxl and Gnas and which also contains one
unique first exon that splices onto exon 2 of Gnas (Liu
et al. 2000; Wroe et al. 2000). Of these five transcripts,
Nesp is exclusively maternally expressed; Nespas, Gnasxl,
and ExonlA are exclusively paternally expressed; and
Gnas is maternally expressed in a subset of tissues such as
neonatal brown adipose tissue (BAT), the proximal renal
tubules, and the paraventricular nucleus, but is biallelic in
most other tissues (Chen et al. 2009; Kelsey et al. 1999; Liu
et al. 2000; Peters et al. 1999; Williamson et al. 2004;
Wroe et al. 2000; Yu et al. 1998).

The phenotypic effects of imprinted transcripts in the
Gnas cluster broadly conform to the “kinship” or “parental
conflict” theory of genomic imprinting. This states that there
is a conflict between maternal and paternal genes in offspring
in the demand for maternal resources, and it predicts that
paternal alleles are more demanding while maternal alleles
are less demanding (Moore and Haig 1991). Many imprinted
genes have been shown to have major effects on postnatal
growth and metabolism (Smith et al. 2006), and, overall,
paternally expressed genes tend to favour growth while
maternally expressed genes tend to restrict growth. In the

— Exon 1A

XLas

XLN1

exon 2 can also be called Nesp exon 3. The transcript corresponding
to the paternal Gnas allele is shown as a dotted line to denote that
Gnas is paternally repressed in only some tissues. First exons of
protein-coding transcripts are shown as filled boxes and first exons of
noncoding transcripts are shaded boxes. Figure not to scale [adapted
from Plagge et al. (2004) and Williamson et al. (2004)]

case of the Gnas cluster, paternally expressed Gnasxl and
maternally expressed Gnas act antagonistically and have
opposite effects on body weight, adiposity, and metabolism.
Thus, loss, or loss of function, of paternally expressed Gnasx/
or increased expression of maternally expressed Gnas gives
rise to mice that are growth restricted, lean, and hypermet-
abolic (Eaton et al. 2012; Kelly et al. 2009; Plagge et al.
2004; Xie et al. 2006; Yu et al. 1998, 2000), whereas loss of
maternally expressed Gnas gives rise to mice that have
increased body weights and are obese and hypometabolic
(Chen et al. 2005; Germain-Lee et al. 2005; Kelly et al. 2009;
Yu et al. 2000). Using the parental conflict theory as a guide,
it might be expected that loss of maternally expressed Nesp
may also affect size and adiposity and give rise to an over-
growth phenotype. However, in the Nesp knockout mouse,
the only documented phenotype was abnormal behaviour to
novel environments and a growth phenotype was not
reported (Plagge et al. 2005).

ExIA-T is a targeted mutation in which a polyadenyla-
tion (polyA) cassette was inserted into the ExonlA exon in
order to truncate the ExonlA transcript upon paternal
transmission (Eaton et al. 2012). We describe here that
maternal inheritance of the Ex/A-T mutation results in
increased body weight from prenatal stages onwards,
truncation of the Nesp transcript after exon 2, and dimi-
nution of NESPS55 protein, indicating that Nesp affects
growth in accordance with the conflict hypothesis.
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Methods

All mouse studies were carried out in accordance with the
guidance issued by the Medical Research Council in
“Responsibility in the use of animals in bioscience
research” (May 2008) and under Home Office Project
License No. 30/2526.

Mouse husbandry

The ExIA-T transgenic line was created by insertion of a
polyA cassette into the ExonlA exon as described previ-
ously (Eaton et al. 2012). Ex/A-T was maintained as a
heterozygote on 129/SVEM. Toe clippings were taken at
birth from pups; these served as both biopsies for geno-
typing and for identification. Mice were housed under
specific pathogen-free conditions in individually ventilated
cages, at 21 £ 2 °C, humidity of 55 £ 10 %, and subjected
to a 12-h light/12-h dark cycle, in accordance with UK
Home Office Welfare Guidelines. Mice had free access to
water (25 ppm chloride) and food containing 11.5 kcal %
fat, 23.93 kcal % protein, and 61.57 kcal % carbohydrate
(SDS, RM3 diet).

Genotyping

Genomic DNA was extracted from mouse biopsies.
Genotyping was performed by duplex PCR using primers
described previously (Eaton et al. 2012).

RNA analysis

Total RNA was isolated using either the RNeasy or RNeasy
lipid kits (Qiagen). Contaminating genomic DNA was
removed on column with RNase-free DNase (Qiagen).
cDNA was synthesised from 1 to 2 pg of RNA using the
High Capacity cDNA Reverse Transcription kit (Applied
Biosystems). Quantitative (q)PCR was performed on an
ABI Prism 7500 Fast system (Applied Biosystems) using
either Fast SYBR Green PCR Master Mix (Applied Bio-
systems) or TagMan® Fast Universal PCR Master Mix
(Applied Biosystems), depending on the assay. Each reac-
tion was done in triplicate with approximately 10 ng of
cDNA per reaction. Samples were normalised to Gapdh
levels. Analysis of data was carried out with ABI Prism
7500 system software (version 2.0.1). TagMan probes are
Gnas exon 1-2 (Mm00507037_m1, Life Technologies), as
well as Nesp exon 1-2 and Gapdh, which were described
previously (Williamson et al. 2011). Nesp SYBR primers
are exon 2 fwd: AGATTCTCCTTGTTTTCATGGAT; exon
3 rev: GTTAAACCCATTAACATGCAGGA. Nespas SYBR
primers are exon 1 fwd: AGATTTCATTTCCCAGAGATG
CT; exon 2 rev: GGTTAGGCAGATCCGACTTGT. Gnasxl,
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ExonlA, and Gapdh SYBR primers were described previously
(de Bovis et al. 2005; Eaton et al. 2012).

Western blotting

Total cell lysates were extracted using RIPA buffer (PBS
with 1 % Nonidet P40, 0.5 % sodium deoxycholate, 0.1 %
SDS). Cell lysate (50 pg) was loaded in each lane of a
4-12 % Bis—Tris NuPAGE gel (Invitrogen). Proteins were
transferred to PVDF membrane (GE Healthcare), probed
with specific antibodies followed by HPR-conjugated goat
anti-rabbit secondary antibody (Sigma), and then detected
using the ECL Plus Western Blotting Detection kit (GE
Healthcare). The anti-rabbit NESP55 antibody (1:200)
(Ischia et al. 1997) was directed against the C-terminal epi-
tope GAIPIRRH. Anti-rabbit Gapdh (Sigma G9295) was
used as a loading control. Films were then scanned by an
Epson V750 Pro Scanner into.tif format and then quantitated
using ImagelJ software (http://rsb.info.nih.gov/ij/), following
the methods outlined in the document http://www.lukemiller.

org/ImagelJ_gel_analysis.pdf.
Mouse weights

Individual mice of both sexes on a standard diet were
weighed at birth and then weekly for 12 weeks. Each litter
contained both wild-type and mutant mice. For each litter
at each time point, the average wild-type weight of each
sex was calculated and then each individual mouse’s
weight within the litter was taken as a percentage of the
average wild-type weight of corresponding sex.

DEXA analysis

At 12 weeks of age, male mice were weighed and given
nonrecoverable general anaesthetic before scanning with a
Lunar PIXImus Mouse Densitometer (Wipro, GE Health-
care). Fat mass, lean mass, bone mineral density, and body
length were measured.

Metabolic caging

At 13 weeks of age, male mice were weighed and then
individually housed in metabolic cages for 24 h, during
which time they had free access to preweighed food and
water. After the 24 h, the amount of food and water con-
sumed was measured. After metabolic housing the mice
were returned to their home cage.

Metabolic rate measurements

At 12 weeks of age, male mice were weighed and then
housed individually in indirect calorimetry cages (Oxymax,
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Columbus Instruments) for 22 h. Mice had free access to
food and water. Oxygen consumption, carbon dioxide
consumption, respiratory exchange ratio, and heat pro-
duction were analysed.

Plasma biochemistry

Blood samples were collected by terminal retro-orbital
bleeds into lithium heparin Microvette tubes (Sarstedt UK)
from 12-week-old male mice. Blood samples were centri-
fuged for 10 min at 5,000xg at 4 °C. Concentrations of
total cholesterol, HDL cholesterol, LDL cholesterol, glu-
cose, and triglycerides were determined on an AUG680
clinical chemistry analyser (Beckman Coulter) using the
manufacturer’s reagents and instructions. Fructosamine
was also measured on the AUG680 analyser, but with
reagents and instructions respectively supplied by Randox,
Alpha Laboratories, and Roche. Levels of plasma insulin,
glucagon, and leptin were measured on a Bioplex 200
system (BioRad) using a multiplex endocrine assay kit
(Merck Millipore).

Suckling activity

On postnatal day 5, suckling activity was assessed as
described previously (Kelly et al. 2009).

Statistical methods

All comparisons were between cohorts of mutant and wild-
type age-matched siblings. Comparisons between a given
week’s weight and between signal quantification of
NESP55 Western blots were made using an unpaired two-
tailed Student’s ¢ test, and comparisons between growth
curves between genotypes were made using a repeated-
measures ANOVA test. All other statistical comparisons
were made using the nonparametric Mann—Whitney test.
ExIA-T/+ values are always given before +/+ values in
the text.

Results
ExIA-T/+ mice are larger than their wild-type siblings

ExIA-T/+ (maternal allele listed first for all genotypes)
mice were born at expected Mendelian ratios (51 % of 626
neonates). Ninety-seven percent of Ex/A-T/4 pups sur-
vived to weaning compared to 99 % of wild-type pups,
which is not significantly different as measured by a y? test.
As imprinted genes often affect growth, Ex/A-T/+ mice
and their wild-type siblings were weighed weekly from
birth. Only data from mice that survived to 12 weeks were

considered, and weights are given as a percentage of their
same-sex wild-type siblings (Fig. 2a). Ex/A-T/4- mice were
found to be significantly (P < 0.001) heavier than their
wild-type siblings by 4-8 %. ExIA-T/+ mice were signifi-
cantly (P = 0.0036) heavier at birth (104 %) than their
wild-type siblings, indicating that the Ex/A-T/+ mutation
regulates growth prenatally. The increase in weight peaked
at 14 days of age at 108 % (P = 6 x 107'?), reached a
minimum at 4 weeks of age of 104 % (P = 0.0014), and
then increased to 106 % from 7 to 12 weeks of age
(P=4x 1077 to 1 x 1078) when the study ended. Thus,
the Ex/A-T/4 mutation gives rise to an overgrowth phe-
notype; mice show prenatal growth enhancement followed
by an increased growth rate until postnatal day 14 (P14),
then a growth retardation until weaning, and then a grad-
ual increase in growth until the end of the study at
12 weeks.

We also intercrossed ExIA-T heterozygotes to generate
ExIA-T/ExIA-T homozygotes. As described previously
(Eaton et al. 2012), +/ExIA-T mice are smaller than wild-
type siblings due to underexpression of the paternal Gnasx!
and overexpression of the maternal Gnas transcripts. When
the maternal Ex/A-T allele is carried with the paternal
ExIA-T allele, the resulting animals have an intermediate
weight phenotype (Fig. 2b), demonstrating the antagonistic
relationship between paternally expressed and maternally
expressed genes.

Next we sought to determine what was causing the
ExIA-T/+ mice to be heavier. Organ weights from
12-week-old male mice were measured (Fig. 2c). The
weights of brain, liver, and kidneys (but not BAT, white
adipose tissue (WAT), heart, lung, or spleen) of ExIA-T/+
were found to be slightly, but significantly, heavier than
their wild-type siblings. However, when the organ weight
was taken as a percentage of body weight, only the kidneys
were found to be significantly heavier (P = 0.022 and
0.008, left and right kidneys, respectively), while the lungs
were found to be significantly lighter (P = 0.022). Lean
and fat mass were also assessed in 12-week-old male mice
by DEXA (Fig. 2d). A significant (P = 0.005) increase in
total lean mass (2.55 g) and an increase in fat mass
(0.55 g), which was not significant (P = 0.3) were
observed in the Ex/A-T/4+ mice. No difference was
observed in either lean or fat mass when compared to body
weight (fat mass: 19.0 vs. 19.0 %, P = 0.95; lean mass:
79.7 vs. 79.1 %, P = 0.53). This indicates that the increase
in body weight of Ex/A-T/+ mice is predominantly due to
an increase in lean, not fat, mass, and this increase is in
proportion to the whole mouse. Bone mineral density
(BMD) was also assessed by DEXA in 12-week-old male
mice. ExIA-T/+ mice were found to have a significantly
greater BMD than wild-type (Fig. 2E). However, ExIA-T/4
mice did not have an increase in either bone or body
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length (femur length: 15.22 vs. 1524 mm, P = 0.85,
n = 3-4; body length: 11.1 vs. 10.9 cm, P = 0.38, n = 6).
As a consequence of increased body weight and unchanged
body length, the Ex/A-T/4+ mice were found to have a
significantly increased BMI (0.249 vs. 0.226, P = 0.037,
n=06).

Metabolic rate was measured in 12-week-old male mice and
no significant difference in oxygen consumption and carbon
dioxide output was observed (data not shown). Food intake in
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<« Fig. 2 The ExI/A-T/+ phenotype. a Growth curve of ExIA-T/4 and

their wild-type siblings of both sexes over 12 weeks. Wild-type
sibling weights have been normalised to 1 at each time point and
weights of the transgenic mice have been taken as a percentage of
wild-type weights at each time point. Error bars indicate SEM. For
any given time point, n = 90-112. For repeated-measures ANOVA
test (0—-12 weeks), n = 68, P < 0.001. b Growth curve of ExIA-T/+,
+/ExIA-T, and ExIA-T/ExIA-T mice of both sexes over 12 weeks.
Wild-type sibling weights have been normalised to 1 at each time
point and weights of the transgenic mice have been taken as a
percentage of sibling wild-type weights at each time point. Error bars
indicate SEM. For any given time point, n = 14-20 +/ExIA-T,
n = 97-109 ExIA-T/+, n = 20-23 ExIA-T/ExIA-T. For repeated-
measure ANOVA test of +/ExIA-T versus ExIA-T/ExIA-T (3-12
weeks), n = 12-19, P < 0.05. For repeated-measure ANOVA test of
ExIA-T/ExIA-T versus ExIA-T/+ (0-12 weeks), n = 16-68,
P < 0.001. 4+/ExIA-T curve taken from Eaton et al. (2012).
¢ Organ weights of 12-week-old male mice. Error bars indicate
SEM, n = 6-7, **P < 0.05, ***P < (0.01. d Total fat and lean mass
of 12-week-old male mice as analysed by DEXA. Error bars indicate
SEM, n = 6-7, ***P < 0.01. e Bone mineral density of 12-week-old
male mice as analysed by DEXA. Error bars indicate SEM, n = 6-7,
P =0.010

ExIA-T/4 mice was assessed in terms of body mass at 5 days
and 12 weeks and no significant difference (although there was
a trend to increase) in food intake was observed (5 days:
225 % vs.2.01 %, P = 1,n = 18-20; 12 weeks: 13.7 % vs.
12.6 %, P = 1, n = 6-3). There was also no significant dif-
ference in total food intake at 12 weeks (3.47 vs. 3.02 g,
P = 0381, n = 6-3). Comparison of male Ex/A-T/+ and
wild-type siblings at 12 weeks showed no significant differ-
ences in plasma glucose, fructosamine, insulin, glucagon,
leptin, total cholesterol, HDL cholesterol, LDL cholesterol, or
triglyceride level levels (results not shown).

Maternal transmission of Ex/A-T results in truncation
of Nesp and reduction in NESP55 protein

The ExIA-T targeted mutation contains a polyadenylation
(polyA) cassette inserted into the end of the ExonlA (first)
exon and was originally designed to truncate the ExonlA
transcript upon paternal transmission (Eaton et al. 2012). It
was also found to truncate the Gnasxl transcript upon
paternal transmission, as the polyA cassette lies in the first
intron of Gnasxl. On maternal transmission the only tran-
script that should contain the polyA cassette in either an
intron or an exon is Nesp, with the polyA cassette in its
second intron. Thus, we hypothesised that maternal inher-
itance of ExIA-T should result in truncation of the Nesp
transcript after exon 2. We therefore analysed Nesp
expression levels both upstream of the truncation (Nesp
exons 1-2) and across the truncation (Nesp exon 2—Nesp
exon 3; note that Nesp exon 3 is also Gnas exon 2) by
quantitative (q)PCR in brain, BAT, and in some cases the
pituitary of newborn Ex/A-T/4 and wild-type littermates
(Fig. 3a, b). These tissues were selected because many
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Fig. 3 Transcript analysis of Ex/A-T/+ mice. a TagMan qPCR
analysis of upstream Nesp transcript in newborn tissues. This probe is
specific for Nesp exon 1-2, upstream of the polyA cassette.
Expression was normalised to Gapdh. Error bars indicate SEM,
n =7-9, P = 0.68 for BAT, 0.11 for brain. b SYBR qPCR analysis
of truncated Nesp transcript in newborn tissues. Primers were
designed at the end of Nesp exon 2 and at the start of Nesp exon 3
(Gnas exon 2) to analyse transcript downstream of the truncation.
Expression was normalised to Gapdh, error bars indicate SEM,
n = 6-9, P < 0.0012. ¢ TagMan qPCR analysis of Gnas transcript in
newborn tissues. Expression was normalised to Gapdh, error bars
indicate SEM, n = 7-9 for BAT and brain, n = 5 for pituitary;
P = 0.47 for BAT, 0.61 for brain, 0.076 for pituitary. d SYBR qPCR
analysis of ExonlA transcript in newborn tissues. Primers were
designed at the end of the ExonlA exon and at the start of ExonlA
exon 2 (Gnas exon 2). Expression was normalised to Gapdh, error
bars indicate SEM, n = 7-9, P = 0.61 for BAT, 0.68 for brain.
e SYBR gPCR analysis of Gnasx/ transcript in newborn tissues.
Primers were designed at the end of the Gnasx! exon and at the start of
Gnasxl exon 2 (Gnas exon 2). Expression was normalised to Gapdh,
error bars indicate SEM, n = 7-9, P = 0.76 for BAT, 0.76 for brain.
f SYBR gPCR analysis of Nespas transcript in newborn tissues.
Primers were designed at the end of the Nespas exon 1 and at the start
of Nespas exon 2. Expression was normalised to Gapdh, error bars
indicate SEM, n = 2-4, P = 0.8 for BAT, 0.27 for brain. g Western
blot of NESP55 and Gapdh loading control in newborn pituitary;
13-14 pituitaries were pooled for each genotype and the blot is
representative of at least two replicates. h Signal quantification of
NESP55 Western blots, represented in (g). Expression was norma-
lised to Gapdh, error bars indicate SEM, n =2, P = 0.0083
(assuming a normal distribution)

Gnas cluster transcripts are highly expressed in the brain
and BAT of newborns; moreover, Gnas is imprinted in the
BAT of newborns and pituitary but not whole brain. We
found expression equivalent to that of wild-type in the
ExIA-T/+ mice between Nesp exons 1 and 2, but a drastic
reduction in expression between Nesp exons 2 and 3. This
is consistent with truncation of the Nesp transcript at the
ExonlA exon, between exons 2 and 3 of Nesp.
Transcription of Nesp is required for the establishment of
methylation marks on the maternal allele and imprinted
expression of transcripts in the Gnas cluster (Chotalia et al.
2009). A previous truncation of the Nesp transcript within its
second exon resulted in disruption of methylation at the
Gnasxl differentially methylated region (DMR) and the
ExonlA DMR, disrupting expression of downstream Gnas
cluster transcripts (Chotalia et al. 2009). In ExIA-T/4, Nesp
should be transcribed through both DMRs as the polyA cas-
sette is inserted close to the 3’ end of the second DMR at
ExonlA and so the methylation of the DMRs and expression
of the other Gnas cluster transcripts should be unaffected. We
analysed all major Gnas cluster transcripts, i.e., Gnas, ExonlA,
Gnasxl, and Nespas, by qPCR (Fig. 3c—f). None of these
transcripts showed any change in expression levels between
ExIA-T/+ and wild-type littermates, confirming that Nesp is
the only Gnas cluster transcript affected by this mutation.
Only exon 2 of Nesp codes for protein, and the transcript
downstream of exon 2 is 3'UTR. Therefore, we next sought
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to determine if NESP55 protein was affected in Ex/A-T/+.
NESPS55 levels in neonatal pituitary were analysed by
Western blotting using an antibody to NESP55 directed
against the C-terminal epitope GAIPIRRH (Ischia et al.
1997). Neonatal pituitary was chosen because Nesp expres-
sion was highest in this tissue. Interestingly, NESP55 protein
was found to be reduced upon truncation of the Nesp tran-
script (Fig. 3g). Quantification of the Western blot showed a
fivefold reduction in NESP55 protein in the Ex/A-T/+ mice
(Fig. 3h). We hypothesise that truncation of the 3'UTR of
Nesp affects translation of the Nesp transcript, resulting in a
reduction of NESP55 at the protein level.

Discussion
Nesp is the candidate for the Ex/A-T/+ phenotype

On maternal inheritance of the Gnas cluster mutation Ex/A-
T/+, mice display a relatively mild but highly significant
overgrowth phenotype with a4-8 % increase in body weight
compared to their wild-type siblings. This increase in body
weight can be at least partly attributed to an increase in the
absolute weight of lean tissues. These mice also show an
increase in bone mineral density at 12 weeks of age, but not
an increase in bone length or body length. The increase in
weight does not appear to be due to an increase in fat mass,
food intake, or a reduction in metabolic rate.

In ExIA-T/+, insertion of a polyA cassette on the
maternal allele results in truncation of the 3’UTR of the
maternal Nesp transcript. The only transcripts from the Gnas
cluster that are maternally expressed are Nesp and Gnas
itself, and as the start site of the Gnas transcript is down-
stream of the polyA cassette, the Gnas transcript was neither
expected nor found to be truncated. There is also no evidence
in the present study or from Eaton et al. (2012) that insertion
of the polyA cassette itself reduces the level of Gnas
expression. Furthermore, Ex/A-T/+ mice do not show the
increased adiposity and decreased metabolic rate that is
characteristic of mutants with reduced Gnas (Chen et al.
2005; Kelly et al. 2009; Xie et al. 2008). Analysis of other
Gnas cluster transcripts confirmed that Nesp was the only
transcript in the Gnas cluster that was altered in the Ex/A-T/+
mice and NESP55 protein appeared to be much reduced.
Thus, Nesp is the logical candidate for the phenotype in
ExIA-T/+.

The 3'UTR is known to contain sequence elements that
regulate the stability, translational control, and subcellular
localisation of an mRNA. These sequence elements include
miRNA binding sites, AU-rich elements, and polyA sites,
and the latter have only recently been thought to signifi-
cantly contribute to gene regulation. Investigations into the
outcomes of alternative polyA site usage in the 3’'UTR have
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revealed that different lengths of the 3’UTR can alter the
amount of protein made (Di Giammartino et al. 2011). This
can occur through loss of miRNA or other regulatory
sequences. In general, longer 3’'UTRs will contain more of
these regulatory sequences and thus be prone to negative
regulation. However, alternative polyA usage can also
affect the amount of protein generated by an mRNA. Yu
et al. (2006) identified a novel shorter Bzwl transcript in
mice that shared the same coding region as the longer
transcript but had a shorter 3’UTR due to an alternative
polyA site (Yu et al. 2006). Labelled constructs containing
each of these transcripts were transfected into HEK-293
cells and were found to produce equivalent amounts of
mRNA. Interestingly, the transcript with the shorter 3'UTR
was found to produce significantly less protein, indicating
reduced translation efficiency. In a related study, Pinto
et al. (2011) showed that the two alternative 3’UTR polyA
site transcripts of the Drosophila gene polo produced
equivalent amounts of mRNA and had equally stable
mRNA, but that the shorter transcript produced signifi-
cantly (threefold) less protein (Pinto et al. 2011). Thus, we
hypothesise that, similar to the previous two studies,
shortening of the 3'UTR of Nesp results in reduced trans-
lational efficiency and reduced protein expression and that
reduction in NESP55 leads to the Ex/A-T/+ phenotype.

A truncation of the Nesp transcript has been previously
described. Chotalia et al. (2009) showed that transcription of
Nesp across the germline DMRs at Gnasxl/Nespas and
ExonlA (Fig. 1) was required for the establishment of meth-
ylation. A polyA cassette identical to the one in the present
study was used to truncate the Nesp transcript upstream of
both the Gnasxl/Nespas DMR and the ExonlA DMR. As a
consequence, methylation was lost on the maternal allele at
both DMRs, resulting in ectopic expression of Gnasxl,
Nespas, and ExonlA transcripts from the normally silent
maternal allele, downregulation of the imprinted Gnas tran-
script, and very poor postnatal survival. In contrast, the Ex/A-
T/+ truncation of Nesp occurs downstream of both the Gnasxl/
Nespas and ExonlA DMRs, and no change in expression was
observed in any of the downstream Gnas cluster transcripts
Gnasxl, Nespas, ExonlA, and Gnas. These findings imply that
methylation of the Gnasxl/Nespas DMR and the ExonlA
DMR is unaffected in Ex/A-T/4 so that transcription of Nesp
through the DMRs rather than the full length transcription is
sufficient for methylation. These results are consistent with
the hypothesis proposed by Chotalia et al. (2009).

Reciprocal phenotypic effects

We previously described both paternal transmission of the
ExIA-T mutation and paternal transmission of the Ex/A-T-
CON mutation (Eaton et al. 2012). The Ex/A-T mutation
resulted in reduced expression of the paternally expressed

Gnas cluster transcript Gnasx! and an increase in the
maternally expressed Gnas transcript, while the Ex/A-T-
CON mutation resulted in increased maternally expressed
Gnas transcript only. Both these mutations presented with
growth retardation which was present from birth. Interest-
ingly, the phenotype observed upon maternal transmission
of the ExIA-T allele is in many ways the reciprocal in
regard to growth to that of paternal inheritance of Ex/A-T
or ExIA-T-CON, despite different unrelated proteins being
affected. In addition, the shape of the growth curve of the
ExIA-T/+ mice is the mirror image of that of the +/ExIA-
T and +/ExIA-T-CON mice. All three mutations present
with a difference in birth weight. The largest difference in
weight between the mutants and their wild-type siblings
is at 2 weeks of age. The mice then recover somewhat
and then the weight stabilises (compared to that of wild-
type) at about 7 weeks of age. Both Gsa and XLos have
been shown to regulate preweaning growth and metabo-
lism in a number of different mouse models (Cattanach
et al. 2000; Eaton et al. 2012; Plagge et al. 2004; Yu
et al. 2000).

The ExIA-T/4+ mice were observed to have an increase
in bone mineral density; once again this is the reciprocal
of what was observed in the +/Ex/A-T mice (but not in
the case of the +/ExIA-T-CON). However, we proposed
that the reduction in BMD in the +/Ex/A-T mice was
linked to their reduced fat mass and was regulated by the
sympathetic nervous system (SNS), which has been
shown to regulate both bone and adipose formation
(Eaton et al. 2012). ExIA-T/+ mice do not have a cor-
responding increase in fat mass, and as NESP55 is not
associated with G proteins it is unlikely to be able to
directly modulate SNS activity. Thus, we hypothesise that
the mechanisms of regulation of bone density differ for
NESP55 and XLas.

The Gnas cluster and growth

All three protein-coding genes from the Gnas locus, i.e.,
Gnas, Gnasxl, and Nesp, have now been implicated in pre-
weaning growth. Moreover, mice that carry both the paternal
Ex]A-T and maternal Ex/A-T alleles have an intermediate
growth phenotype between ExI/A-T/4 and +/ExIA-T,
illustrating the antagonistic relationship between underex-
pression of paternal XLas combined with overexpression of
maternal Gso and underexpression of maternal NESPS5.
Rescue of an imprinted phenotype by an oppositely
imprinted gene has also been seen with crosses of Igf2r/+ to
+/Igf2 which result in rescue of the perinatal lethality and
overgrowth phenotype (Ludwig et al. 1996). The antago-
nistic relationship of paternally expressed XLos and mater-
nally expressed Gso is well studied. XLas and Gsahave been
shown to have opposing effects on growth, adiposity, and
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metabolic rate (Plagge et al. 2004; Xie et al. 2006; Yu et al.
2000), as well as opposite molecular effects by which XLas
represses but Gsa activates SNS activity (Plagge et al. 2004;
Xie et al. 2006; Yu et al. 2000). Whereas cAMP signalling is
stimulated by Gsa, there are reports that it is inhibited by
XLas (Plagge et al. 2004; Weinstein et al. 2004; Xie et al.
2006). On the other hand, the mechanisms of action of
NESP55 (and other members of the granin family) are poorly
understood. However, granins have been shown to be
involved in endocrine and neuronal secretory pathways
(Bartolomucci et al. 2011), and NESP55 is considered to be a
marker for the constitutive secretory pathway (Eder et al.
2004; Fischer-Colbrie et al. 2002). Given that XLos/Gsoand
NESP55 are involved in different pathways, one would
predict the ways they mediate pre- and postnatal growth to
differ as well. Thus, the nature of the antagonistic relation-
ship between NESPS5 and XLos remains obscure.

This reciprocal pattern of growth for maternal and
paternal transcripts is consistent with the parental conflict
theory of the evolution of genomic imprinting. Loss of
maternally expressed Nesp results in growth promotion,
whereas loss of paternally expressed Gnasx! results in
restricted growth.

Although many maternally expressed proteins have been
shown to affect embryonic or placental growth, only a
handful with a postnatal overgrowth phenotype upon loss
or reduction of the maternal transcript have been described,
including Gsa, Grb10, and AtplOc (Charalambous et al.
2007). Similar to ExIA-T/+, mice with loss of maternal
Grb10 show both a prenatal and a postnatal overgrowth
phenotype. However, unlike the Ex/A-T/+ mice, this
overgrowth does not appear to peak at 2 weeks of age and
the Grbl0/+ mice were found to have reduced WAT
(Smith et al. 2007). Pre- and postnatal overgrowth is also a
characteristic of the human disorder Beckwith—-Wiedemann
syndrome, which is caused by loss of maternally expressed
genes at 11p15 (Ishida and Moore 2013).

Until now NESP55 has not been thought to be involved
in growth and metabolic effects (Plagge et al. 2005). Here
we have shown, using Ex/A-T/4+ mice, that NESP55 may
indeed play a role in growth.
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