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Introduction

Epidemiological and animal studies have shown that adverse 
environments or suboptimal nutritional conditions during preg-
nancy can alter the physiology of offspring and increase their 
predisposition to many diseases in adult life. This phenomena is 

The nutritional environment in which the mammalian fetus or infant develops is recognized as in�uencing the risk of 
chronic diseases, such as type 2 diabetes and hypertension, in a phenomenon that has become known as developmental 
programming. The late onset of such diseases in response to earlier transient experiences has led to the suggestion that 
developmental programming may have an epigenetic component, because epigenetic marks such as DNA methylation 
or histone tail modi�cations could provide a persistent memory of earlier nutritional states. One class of genes that 
has been considered a potential target or mediator of programming events is imprinted genes, because these genes 
critically depend upon epigenetic modi�cations for correct expression and because many imprinted genes have roles 
in controlling fetal growth as well as neonatal and adult metabolism. In this study, we have used an established model 
of developmental programming—isocaloric protein restriction to female mice during gestation or lactation—to 
examine whether there are e�ects on expression and DNA methylation of imprinted genes in the o�spring. We �nd 
that although expression of some imprinted genes in liver of o�spring is robustly and sustainably changed, methylation 
of the di�erentially methylated regions (DMRs) that control their monoallelic expression remains largely unaltered. We 
conclude that deregulation of imprinting through a general e�ect on DMR methylation is unlikely to be a common factor 
in developmental programming.
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homeostasis.21,22 Owing to their clustered nature and shared 
dependence on single ICRs, changes in DNA methylation of 
an ICR would result in altered expression of multiple imprinted 
genes. Because of their monoallelic expression, imprinted genes 
are considered to be particularly dosage-sensitive,23,24 such that 
even modest deregulation of imprinting at single loci could 
have phenotypic consequences. Moreover, there could be addi-
tive effects from deregulation of several imprinted domains if 
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not possible to assess expression of Igf2 or Grb10, as these genes 
are known to be downregulated postnatally and expression was 
no longer detectable by RT-qPCR (Table S2). Surprisingly, the 
effect on hepatic Pparα expression was reversed at week 12, with 
transcript levels in the PLP group reduced in comparison with 
the control group (p = 0.002), suggesting dynamic regulation of 

in PLP pups (p = 0.014). To assess whether any of these expres-
sion changes was sustained into adult life, RT-qPCR was also 



www.landesbioscience.com Epigenetics 1203

alleles by this method. Assays were designed for seven DMRs 
in four imprinted domains (Fig. 2). This included the mater-
nal germline DMRs in the Gnas locus (the 1A DMR and two 
amplicons in the Nespas/Gnasxl DMR), in Grb10 and at Kcnq1ot1 
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and 12. Methylation of the promoter was low and not signifi-
cantly altered in either experimental group at either time point  
(Table 1). On the other hand, there was an overall increase in 
methylation of the upstream enhancer region of Pparα at week 
3 in the PLP group (from 60.3 ± 0.86 to 64.0 ± 1.6; p = 0.048). 
The overall genome methylation level was not found to be 
affected in offspring by maternal diet as assessed by methylation 
of B1 repetitive elements (Table 1).

Discussion

In the current study, we investigated germline and somatic DMR 
methylation and imprinted gene transcript levels in offspring of 
female mice that had experienced a low protein diet during gesta-
tion (GLP) or the early postnatal period. Early nutritional deficits 
can potentially affect DNA methylation of the developing organ-
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Grb10 expression in liver of 3-week-old offspring from females 
experiencing protein restriction during lactation, but not in the 
GLP group in which offspring were assessed three weeks after 
the end of the maternal dietary restriction. Radford et al.40 also 
reported upregulation of Grb10 transcripts in liver of e16.5-old 
fetuses of dams experiencing caloric restriction late in gestation, 
suggesting that upregulation of Grb10 expression is a consistent, 
but transient, response to nutritional insufficiency. Grb10 is an 
adaptor protein that interacts with a number of receptor tyrosine 
kinases that regulate cell metabolism, development and growth.41 
Analysis of mice deficient in Grb10 has demonstrated a role of 
Grb10 in attenuating insulin receptor signaling and in glucose 
metabolism in the liver around birth,42,43 so the effect we observe 
could be physiologically relevant, at least at that time, although 
Grb10
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from females experiencing gestational protein restriction. The 
stimulatory G-protein subunit Gsα, encoded by Gnas, mediates 
responses to glucagon and catecholamines in the liver, via the 
cAMP-potein kinase A pathway, including transcriptional activa-
tion of genes encoding gluconeogenetic enzymes. Liver-specific 

detect significantly altered Grb10 DMR methylation in the PLP 
group, rather in the GLP group, showing that adaptive changes 
in imprinted gene expression can occur independently of changes 
in DMR methylation. For Gnas, we detected downregulation 
of expression in liver of 3-week as well as 12-week-old offspring 

Figure 4. Methylation analysis of the Grb10 DMR. EpiTYPER analysis of the DMR in control, GLP and PLP liver samples at week 3 (above) and week 12 
(below) after birth. Methylation values for each CpG unit that can be resolved by EpiTYPER are given. Values expressed are means and bars represent 
standard errors. n = 7–9; *p ≤ 0.055 compared with control.
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Altered gene expression, including imprinted genes, in the 
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variability (difference) and confidence intervals were calculated 
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