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ABSTRACT
Intergenerational and transgenerational epigenetic effects resulting from conditions in previous 
generations can contribute to environmental adaptation as well as disease susceptibility. Previous 
studies in rodent and human models have shown that abnormal developmental exposure to 
thyroid hormone affects endocrine function and thyroid hormone sensitivity in later generations. 
Since the imprinted type 3 deiodinase gene (Dio3) regulates sensitivity to thyroid hormones, we 
hypothesize its epigenetic regulation is altered in descendants of thyroid hormone overexposed 
individuals. Using DIO3-deficient mice as a model of developmental thyrotoxicosis, we investi-
gated Dio3 total and allelic expression and growth and endocrine phenotypes in descendants. We 
observed that male and female developmental overexposure to thyroid hormone altered total 
and allelic Dio3 expression in genetically intact descendants in a tissue-specific manner. This was 
associated with abnormal growth and neonatal levels of thyroid hormone and leptin. Descendant 
mice also exhibited molecular abnormalities in the Dlk1-Dio3 imprinted domain, including 
increased methylation in Meg3 and altered foetal brain expression of other genes of the Dlk1- 
Dio3 imprinted domain. These molecular abnormalities were also observed in the tissues and 
germ line of DIO3-deficient ancestors originally overexposed to thyroid hormone in utero. Our 
results provide a novel paradigm of epigenetic self-memory by which Dio3 gene dosage in a given 
individual, and its dependent developmental exposure to thyroid hormone, influences its own 
expression in future generations. This mechanism of epigenetic self-correction of Dio3 expression 
in each generation may be instrumental in descendants for their adaptive programming of 
developmental growth and adult endocrine function.
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Introduction

Investigations in recent years are increasingly 
showing that biological traits and pathologies can 
be inherited via epigenetic mechanisms resulting 
from the environmental circumstances to which 
progenitors or previous ancestors were exposed. 
Diet [1–4], exposure to chemicals, hormones and 
endocrine disruptors [5,6], stressful events [7–10], 
and social interactions [11–14] and drugs [15] are 
but a few of the environmental conditions that can 
affect phenotypes in descendants for one or more 
generations. Although the mechanisms underlying 
these intergenerational and transgenerational 
effects are not fully understood, they likely involve 

environmentally driven alterations in the epige-
netic information carried by germ cells into the 
next generation [16–18]. It is then possible that 
intergenerational epigenetic effects induced by fac-
tors surrounding previous generations contribute 
to explain the ‘missing heritability’ in the aetiology 
of complex human disorders [19–22].

Interestingly, many of the models of interge-
nerational epigenetic effects described to date pre-
sumably involve signalling through members of 
the nuclear receptor superfamily [23]. Models of 
stress or glucocorticoid administration [24–28] or 
exposure to chemicals with oestrogenic or andro-
genic characteristics [29,30] may lead to altered 
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signalling through the putative receptors of the 
corresponding hormones to directly or indirectly 
change the epigenetic information of the germ 
line.

Thyroid hormones also signal via members of 
the nuclear receptor superfamily. As others and we 
have shown, alterations in thyroid hormone levels 
result in abnormal biological traits in future gen-
erations [31–34]. Seminal work in rats made 
hypothyroid in adult life or overexposed to ele-
vated thyroid hormone levels during neonatal 
development demonstrated that their offspring 
exhibits abnormalities in body weight endocrine 
tissue size and neuroendocrine physiology [34,35]. 
Humans overexposed to thyroid hormones in 
utero due to a genetic defect in the thyroid hor-
mone receptor beta develop reduced pituitary sen-
sitivity to thyroid hormone, a trait transmitted 
along the paternal lineage to genetically normal 
individuals at least for two generations [32]. In 
humans, the intergenerational effects of thyroid 
hormones could be of particular significance 
given the relatively high prevalence of thyroid dis-
ease [36] and the ubiquitous exposure to environ-
mental chemicals that interfere with thyroid 
hormone physiology and action [37–39].

Transgenerational epigenetic effects on pheno-
types have also been reported as a result of specific 
genotypes in previous generations [40]. We have 
also reported evidence of the intergenerational 
epigenetic effects of thyroid hormones using mice 
with an inactivation of Dio3 [33]. Dio3 is an 
imprinted gene in mice and humans [41–43] cod-
ing for the type 3 deiodinase (DIO3). This enzyme 
inactivates thyroid hormones [44] and has 
a critical modulatory role during development to 
prevent premature foetal exposure to adult hor-
mone levels, ensuring appropriate timeliness in the 
tissue maturation effects of thyroid hormones [45]. 
Dio3-/- mice exhibit thyrotoxicosis during in utero 
and early neonatal life [46,47]. This insult causes 
alterations in the sperm methylome of Dio3-/- 
adult male mice [33]. These altered epigenetic 
signatures lead to pathology in genetically normal 
descendants, including abnormalities in gene 
expression profiles during brain development and 
adult behaviours concerning anxiety, locomotor 
activity [33] and sociability [48]. These observa-
tions support a role for ascendants’ thyroid 

hormone abnormalities in the non-genetic inheri-
tance of susceptibility to neuroendocrine and neu-
rological disease.

As with other models of intergenerational epi-
genetic effects, the underlying mechanisms remain 
poorly defined. The establishment of altered epi-
genetic information carried in germ cells is the 
likely first step, but how this information is inter-
preted during development in subsequent genera-
tions, and translated into particular adult traits 
and germ line epigenomes, is still largely 
unknown. Among the transgenerational epigenetic 
effects of thyroid hormone overexposure in 
humans [32] is decreased sensitivity to the more 
active thyroid hormone, T3. As Dio3 is responsible 
for regulating T3 sensitivity via inactivation of 
thyroid hormones, we hypothesize that alterations 
in Dio3 expression and its epigenetic regulation 
are part of the endocrine syndrome affecting des-
cendants of mice overexposed to T3 during 
development.

Here we studied genetically intact F3 generation 
descendants of mice that experienced developmen-
tal thyrotoxicosis due to loss of DIO3 function. 
We show that transgenerational effects include 
changes in the total and allelic expression of 
Dio3, abnormalities in growth and neonatal levels 
of thyroid hormone and leptin, and changes in the 
methylation and gene expression in the Dlk1-Dio3 
imprinted domain. These observations support 
a paradigm of intergenerational epigenetic self- 
memory of Dio3, which may partly mediate the 
inter- and trans-generational epigenetic effects of 
altered thyroid hormone states.

Materials and methods

Experimental animals

As a model of developmental overexposure to 
thyroid hormone (T3), we used mice genetically 
deficient in the type 3 deiodinase (DIO3). We have 
previously described that Dio3 -/- mice exhibit 
markedly elevated serum levels of T3 during foetal 
and early life [46]. All experimental mice were on 
an outbred CD-1 genetic background to overcome 
the severely impaired fertility of Dio3-/- mice on 
inbred genetic backgrounds [49]. The original 
mutant mouse strain was generated in a 129/SvJ 
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genetic background [42,46] and has been back-
crossed on a CD-1 background for more than 12 
generations. Due to the genomic imprinting of the 
Dio3 gene [41,42,50], the colony has been main-
tained for more than 20 generations by crossing 
wild type males with heterozygous females, so that 
the heterozygous mice generated are phenotypi-
cally normal, as they carry the Dio3 mutation in 
the maternal allele, which is already largely sup-
pressed due to genomic imprinting [41,42]. 
Approximately every six generations, the genetic 
background of the colony has been refreshed with 
a wild type CD-1 male purchased from Charles 
River. Dio3+/+ and Dio3-/- mice were littermates 
generated by crosses of heterozygous mice. For 
transgenerational experiments, and to avoid the 
influence of confounding factors and minimize 
variability, mothers of foetal and neonatal experi-
mental animals were mated at two months of age 
and all experimental animals of neonatal age were 
born before the mother was five months old. For 
experimental foetuses, the morning a vaginal plug 
was noticed was considered embryonic day 0.5. 
Experimental mice represent only first litters 
from at least three different mothers per experi-
mental group, and litter size was limited to 8–12 
animals. For main F3-generation experimental 
groups, DIO3 enzymatic activity data represent 
nine to eleven different mothers form three differ-
ent experiments, each experiment representing 
three or four different mothers per experimental 
group. Mothers of experimental mice of neonatal 
age were isolated before giving birth to raise the 
pups in the absence of the father and prevent 
a concurrent pregnancy when nursing the pups. 
All mice were maintained on a 12 h light/dark 
cycle and food and water were provided ad libi-
tum. Tissues and blood samples were harvested 
between 2 and 5 h into the light cycle. Mice were 
euthanized by CO2 asphyxiation. All experiments 
were approved by the MaineHealth Institute for 
Research Institutional Animal Care and Use 
Committee (IACUC), under current protocol 
number 2112.

DNA methylation

DNA was isolated from tissues following standard 
methods of proteinase K digestion and 

isopropanol precipitation. Purified DNA was sub-
mitted to EpigenDX (Hopkinton, MA) for methy-
lation quantification. This was achieved by 
bisulphite treatment of DNA to convert non- 
methylated cytosines, followed by PCR amplifica-
tion of the small region of interest, and pyrose-
quencing [51], a sequencing method based on the 
release and quantification of pyrophosphate in 
each nucleotide incorporation during DNA synth-
esis. We utilized the company’s assays for the 
mouse IG-DMR (assay numbers ADS1452FS2 
and ADS1452FS3) and the maternally expressed 
gene 3 (Meg3) promoter region (Assay number 
ADS1341FS3re and ADS1341FS3). These assays 
encompass the sequence and specific CpG methy-
lation sites shown in Supporting Information (S1 
and S2 Figs). For methylation of imprinted mater-
nally expressed transcript (H19), used as a control, 
we used EpigenDX assays ADS438F1, ADS438FS4, 
ADS438FS2, ADS438FS3, ADS1702RS1, 
ADS1702RS2, ADS445FS, ADS447FS, ADS446FS1 
and ADS446FS2, encompassing 40 individual CpG 
sites.

Real time quantitative PCR

Tissues were harvested and immediately frozen on 
dry ice and stored at −70 C. Total RNA was 
extracted using the RNeasy kit from Qiagen 
(Valencia, CA). Total RNA (1 µg) was reverse 
transcribed with M-MLV reverse transcriptase in 
the presence of random decamers (both from 
Thermo Fisher Scientific, Waltham, MA) at 65°C 
for 5 min, then 37°C for 50 min. The 20 μl reverse 
transcription reactions were diluted by adding 230  
μl of DNase and RNase free water. An aliquot of 
each sample was mixed together for an internal 
standard and diluted fourfold. Real-time PCR 
reactions were set up in duplicate with gene- 
specific primers and SYBR Select Master Mix 
(Thermo Fisher Scientific, Waltham, MA) and 
run on the CFX Connect from Bio-Rad 
(Hercules, CA), where they underwent an initial 
10 min denaturing step, followed by 36 cycles of 
a denaturing step (94°C for 30 s) and an anneal-
ing/extension step (60°C for 1 min). For each indi-
vidual sample, expression was corrected by the 
expression of housekeeping gene Gapdh after 
establishing that there was not a statistically 
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significant difference in its expression between 
experimental groups and that the means between 
experimental groups did not vary more than 10%. 
Glyceraldehyde-3-phosphate dehydrogenase 
(Gapdh) expression did not meet these standards 
in some tissues of Dio3-/- mice and 18S ribosomal 
RNA (Rn18s) was instead used. mRNA expression 
data are shown in arbitrary units and represented 
as fold-increase over the mean value in the control 
group. The sequences of the primers used for each 
gene are shown in Supporting Information (S1 
Table). The specificity of all qPCR amplicons has 
been previously validated in our laboratory by 
sequencing and melting curve determinations.

DIO3 enzymatic activity

DIO3 enzymatic activities in tissues from experi-
mental mice were determined as previously 
described [46]. In brief, tissues were homogenized 
in a 10 mM Tris-HCl, 0.25 M sucrose (pH 7.4) 
buffer. A suitable volume of tissue homogenate 
was used in the enzymatic reaction to ensure that 
total deiodination did not exceed 40% in the assay 
and was proportional to the protein content. 
Tissue homogenates were incubated at 37°C for 
an hour with 2 nM125I-labelled T3 (PerkinElmer) 
in the presence of 25 mM dithiothreitol. 
Deiodination was determined based on the per-
centage of125I-3,3-diiodothyronine produced. The 
latter was determined by measuring the amount of 
radioactivity associated with the reaction products 
after separation by paper chromatography as 
described [52].

Hormone determinations

Blood from P15 mice was collected from the infer-
ior vena cava, while trunk blood was collected 
from P3 mice. Blood was allowed to clot at 4°C 
for at least four hours. After 10 minutes centrifu-
gation at 3000 g, serum was taken from the super-
natant and stored at −70°C until further used. 
Serum levels of T3 and T4 were measured in 10 
and 1 μl of serum, respectively, as previously 
described [53–55] by highly sensitive specific 
radioimmunoassays using in-house generated 
antibodies. TSH determinations were performed 
in the laboratory of Samuel Refetoff at the 

University of Chicago, as previously described 
[56]. Serum determination of leptin was per-
formed using commercially available ELISA kits 
according to the manufacturer’s instructions. 
Leptin kits were purchased from R&D Systems 
(Bio-Techne, Minneapolis, MN, USA).

Statistical analyses

Statistical analysis was performed using the statis-
tical tools of GraphPad Prism 6 (GraphPad 
Software, Inc.). A Student’s t-test or a one-way 
ANOVA (ancestry as an independent variable) 
followed by Tukey’s post hoc test were used to 
determine statistical significance, which was 
defined as p < 0.05. Based on histograms of mea-
sured endpoints, we assumed normality and 
homocedasticity, and utilized the above tests in 
some experiments in which a low number of sam-
ples per experimental group were analysed. Unless 
otherwise stated, data are represented as the mean  
± SEM.

Experimental design

We have recently shown that the developmental 
thyroid hormone excess (thyrotoxicosis) of 
Dio3-/- mice causes alterations in the sperm 
methylome, and this is associated in genetically 
intact descendants with changes in neonatal brain 
gene expression patterns and abnormal adult 
behaviour [33]. Using a similar experimental 
design (shown in Figure 1a), we studied F3- 
generation mice that were genetically intact 
(Dio3+/+), but had a Dio3-/- paternal grandfather 
(PGF mice) or paternal grandmother (PGM 
mice). Both experimental groups of mice referred 
to as PGF and PGM mice, in addition to be 
genetically intact (Dio3+/+), were born to geneti-
cally intact Dio3+/+ mothers (Figure 1a). Dio3+/+ 
mice with no Dio3-/- ancestry were used as the 
control group (Ctrl mice, Figure 1a). Note that 
the diagram in Figure 1 is designed to compare it 
to most prevalent transgenerational epigenetic 
inheritance models, in which pregnant mothers 
are exposed to an insult or chemical, and the 
foetus (F1 generation) and its germ line (F2 gen-
eration) are also exposed to the insult. In our 
model, because Dio3 is mostly expressed during 
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development, Dio3-/- mice are only overexposed 
to thyroid hormone during development but in 
not adult life [57], so pregnancy in F1 generation 
females does not result in their foetuses being 
overexposed (Figure 1a).

To assess allelic Dio3 expression, we determined 
DIO3 enzymatic activity in the heterozygous litter-
mates of PGF and PGM mice (Figure 1b). These 
heterozygous littermates (referred to as Het-PGF and 
Het-PGF) are subjected to the same transgenerational 
epigenetic effects as wild type PGF and PGM mice, but 
their paternally inherited allele is mutated, so only the 
maternal allele can produce a functional protein cap-
able of enzymatic activity. As additional control 
groups for normal Dio3 allelic expression and for Het- 
PGF and Het-PGF mice, we used wild type and het-
erozygous mice littermates with no thyroid hormone 
overexposed ancestry. These were generated by cross-
ing wild-type females and heterozygous fathers that 
were largely DIO3-sufficient because their mutated 
allele was maternally inherited [41,42,50]. These addi-
tional control groups (shown in grey colour in 
Figure 1b) are referred to as HF mice (genetically 
intact) and Het-HF mice (heterozygous littermates).

Results

Tissue-specific F3 generation changes in Dio3 
expression and DNA methylation

We studied Dio3 expression in postnatal day 3 (P3) 
and P15 tissues of PGF and PGM mice. These two 

developmental stages were chosen because at P3 Dio3 
expression is relatively high in most tissues examined, 
and P15 is a stage at which the thyroid endocrine axis 
matures and serum levels of thyroid hormones peak in 
the circulation. The tissues studied were selected to 
represent the range of previously observed variability 
in the percentage of Dio3 monoallelic expression [50]. 
We examined Dio3 expression at the level of both 
mRNA as well as protein by measuring DIO3 enzy-
matic activity. Compared to control mice, DIO3 activ-
ity in P3 PGF mice was significantly elevated in the 
hypothalamus and cerebellum, but not in the testis, 
liver, cerebral cortex or striatum (Figure 2a). At P15, 
DIO3 activity in PGF mice was increased compared to 
Ctrl mice in the hypothalamus, cerebral cortex and 
adrenal gland, reduced in the testis and ovary, and 
unchanged in the striatum (Figure 2a). At the mRNA 
level, Dio3 expression in PGF mice was higher than in 
Ctrl mice in P3 cerebellum and in P15 adrenal gland 
and hypothalamus (Figure 2b). Compared to Ctrl 
mice, Dio3 expression was also reduced in the ovary 
and testis of P15 PGF mice, while no changes were 
observed in the P3 liver and P15 striatum. These 
results at the mRNA level (Figure 2b) matched exactly 
those observed at the level of DIO3 enzymatic activity 
(Figure 2a).

These data suggested altered epigenetic inheritance 
affecting Dio3. We then determined the methylation 
status of two differentially methylated regions with 
well-established roles in the regulation of allelic 
expression in the domain, Meg3 and the intergenic 

Figure 1. Ancestry trees of the F3 generation mice studied.
(a) Ancestry trees of mice studied in the experiments. (b) Ancestry trees of mice studied, detailing those heterozygous mice used to 
evaluate Dio3 allelic expression. Note that F1 generation Dio3-/- mice (males or females) are not overexposed to thyroid hormone in 
adult life. (Not all possible genotypes are shown). 
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differentially-methylated region (IG-DMR) [58,59]. 
The specific sequence and detailed methylation data 
are shown in Supplementary Figure 1. Meg3 methyla-
tion was approximately 10% in all tissues examined 
from control mice, but was markedly elevated 
(between 20–60% methylation) in PGF tissues, 
including P3 cerebellum, liver and testis, and P15 
testis, ovary, adrenal gland, hypothalamus and 

striatum (Figure 2c). Interestingly, Meg3 promoter 
methylation was lower in tail snips DNA of P3 PGF 
mice than in Ctrl mice (Figure 2c). In contrast, no 
significant methylation changes were observed in the 
IG-DMR (specific sequence analysed and detailed 
methylation data is provided in Supplementary 
Figure 2). IG-DMR methylation was in the 30–40% 
range and we observed no significant differences 

Figure 2. Dio3 expression and Meg3 and IG-DMR methylation in neonatal tissues of PGF mice.
(a) Enzymatic DIO3 activity in neonatal tissues. Data represent the mean ± SEM of the indicated number of mice per experimental 
group. These mice represent 9 to 11 different litters and three different experiments. (b), Dio3 mRNA expression in neonatal tissues. 
Data represent the mean ± SEM of the indicated number of mice per experimental group. (c), Meg3 promoter methylation in 
neonatal tissues. Data represent the mean ± SEM of 2 to 6 mice per experimental group. (d), IG-DMR promoter methylation in 
neonatal tissues. Data in (c and d) represent the mean ± SEM of the indicated number of mice per experimental group. Each data 
point for adrenal gland and ovary in (b, c and d) represent a pool of 2-3 mice. Data in (b, c and d) represent at least three different 
litters. *, ** and *** indicate p < 0.05, 0.01 and 0.001, respectively, as determined by the Student’s t test. Hy, hypothalamus; Cb, 
cerebellum, St/Hi, Striatum-hippocampus; Ag, adrenal gland; CCx, cerebral cortex; Ov, ovary. a, each of these samples represent 
a pool of two or three mice. 
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between PGF and control mice in any of the tissues 
examined, including P3 tail, testis, liver and cerebel-
lum and P15 tail, adrenal gland and ovary (Figure 2d).

With limited differences, the analysis of Dio3 
expression and imprinted domain methylation 
showed comparable results in tissues of PGM 
and PGF mice. Compared to Ctrl mice, P3 DIO3 
enzymatic activity was elevated in P3 hypotalamus 
and cerebellum, and reduced in P3 testis of PGM 
mice, while unchanged in the striatum and liver 
(Figure 3a). At P15, DIO3 activity was elevated in 
the PGM adrenal gland, but reduced in the 
hypothalamus, striatum, testis and ovary of PGM 
mice (Figure 3a). These abnormal enzymatic activ-
ities were consistent with expression alterations at 
the mRNA level. Thus, in PGM mice, Dio3 expres-
sion was elevated compared to controls in the P3 
cerebellum and P15 adrenal gland, reduced in P15 
hypothalamus, striatum, ovary and testis and 
unchanged in P3 liver (Figure 3b). Similar to 
PGF tissues, we observed markedly higher Meg3 
promoter methylation in most PGM tissues com-
pared to Ctrl tissues, with approximately 10% 
methylation levels in controls and 20–50% methy-
lation in PGM tissues including P3 cerebellum, 
liver and testis, and P15 testis, ovary, adrenal 
gland, hypothalamus and striatum (Figure 3c and 
Supplementary Figure 3). Methylation of the IG- 
DMR was not determined in PGM tissues after 
results from a few samples suggested no methyla-
tion changes, as observed in PGF mice.

F3 generation fetal brain gene expression and 
methylation at the Dlk1-Dio3 domain

Considering the behavioural abnormalities in PGF 
mice we have previously reported [33], we also 
examined the foetal brain at embryonic day 13.5 
(E13.5) for gene expression and methylation at the 
Dlk1-Dio3 imprinted domain, a simplified diagram 
of which is shown in Figure 4a. This embryonic 
stage was selected as an early milestone in brain 
development and corticogenesis, and we have 
recently demonstrated that at this stage the brain 
is already sensitive to thyroid hormones and DIO3 
deficiency [60]. We observed that genes that are 
expressed from the maternal allele, Meg3, Rian 
(RNA imprinted and accumulated in nucleus) 
and Mirg (miRNA containing gene), showed 

significantly increased expression in the E13.5 
brain of PGF foetuses, but not in the brain of 
PGM foetuses (Figure 4b). This pattern of expres-
sion was different for genes that are expressed 
from the paternal allele: Dlk1 (delta like non- 
canonical Notch ligand 1), Rtl1/Rtl1as (retrotran-
sposon Gaglike 1) and Dio3. Compared to Ctrl 
mice, these genes showed increased expression in 
the brain of both PGF and PGM foetuses 
(Figure 4c). These alterations in gene expression 
were associated with increases in DNA methyla-
tion. Methylation of the IG-DMR was slightly 
increased (but not significantly so) and more vari-
able in the brain of PGF and PGM foetuses 
(Figure 4d). Concerning Meg3, we observed that 
methylation substantially increased from ~ 10% in 
control foetuses to ~ 70% and 55%, respectively, in 
the brain of PGF and PGM foetuses (Figure 4e). In 
contrast, as a control, methylation of H19, 
a differentially methylated and imprinted gene, 
showed the same tight methylation levels in con-
trol and PGF and PGM mice (Figure 4e).

Tissue-specific transgenerational effects on Dio3 
allelic expression in the F3 generation

Our data (Figures 2, 3, and 4) indicated changes in 
Dio3 expression across tissues of PGF and PGM 
mice. To assess if one particular allele was respon-
sible for these changes, we determined DIO3 enzy-
matic activity also in the heterozygous littermates 
of PGF and PGM mice (Figure 1b). In the P3 
hypothalamus, DIO3 activity in wild type HF 
mice was the same as that in wild-type controls 
(Figure 5a, left), while that in wild-type PGF and 
PGF mice was significantly higher, as also shown 
in Figures 2 and 3. However, DIO3 activity in 
heterozygous mice (i.e., maternal allele contribu-
tion) showed similar levels in Het-HF and Het- 
PGM heterozygous, while it was markedly 
increased in Het-PGF heterozygous (Figure 5a, 
centre). Making a composite of the maternal allele 
contribution to total DIO3 activity, we observed 
that in HF mice (mice with a heterozygous father 
but no T3-overexposure in past generations), as 
previously described [50], there is predominant 
expression from the paternal allele (Figure 5a, 
right). However, in PGF mice, there is a bi-allelic 
contribution to DIO3 activity, and the increase in 
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Figure 3. Dio3 expression and Meg3 and IG-DMR methylation in neonatal tissues of PGM mice.
(a) Enzymatic DIO3 activity in neonatal tissues. Data represent the mean ± SEM of the indicated number of mice per experimental 
group. These mice represent 9 to 11 different litters and three different experiments. (b), Dio3 mRNA expression in neonatal tissues. 
Data represent the mean ± SEM of the indicated number of animals per experimental group from three different litters. (c), Meg3 
promoter methylation in neonatal tissues. Data represent the mean ± SEM of the indicated number of mice per experimental group. 
Each data point for adrenal gland and ovary in (b and c) represent a pool of 2-3 mice. *, ** and *** indicate p < 0.05, 0.01 and 0.001, 
respectively, as determined by the Student’s t test. Hy, hypothalamus; Cb, cerebellum, St/Hi, Striatum-hippocampus; Ag, adrenal 
gland; Ov, ovary.a, each of these samples represent a pool of two or three mice. 
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total DIO3 activity can be accounted by a de- 
repression of the maternal allele (Figure 5a, 
right). In contrast, the increase in total DIO3 
activity in PGM mice compared to Ctrl mice is 
the result of increased contribution from the 
paternal allele, causing a more pronounced pattern 
of preferential expression from the paternal allele 
(Figure 5a, right). As a negative control DIO3 

enzymatic activities in the same tissues are unde-
tectable or lower than 3% of control values (not 
shown).

These allelic expression effects appear tissue- 
specific, as similar analyses in P15 testis yielded differ-
ent effects. In this tissue, wild-type HF mice showed 
similar DIO3 activity as wild-type controls, but both 
wild-type PGF and wild-type PGM mice showed 

Figure 4. Gene expression and DNA methylation in F3 generation foetal brain.
(a), Simplified diagram of the genes analysed within the Dlk1-Dio3 imprinted domain indicating preferential maternal (brown arrows) 
or paternal (green arrows) expression. Shown genomic spacers represent approximately 320 and 650 kB, respectively. Shaded in 
yellow are regions differentially methylated between alleles, including the regulatory regions in the Meg 3 promoter and the 
intergenic differentially methylated region (IG-DMR). (b and c), Gene expression of maternal (b) and paternally expressed (c) genes in 
E13.5 brains of PGF and PGM mice. (d, e and f), Methylation status of 29 CpGs in the IG-DMR (d), 7 CpGs of the Meg3 promoter (e) 
and 40 CpGs in the H19 gene (f) in PGF and PGM E13.5 brains. Data represent the mean ± SEM of the indicated number of animals 
from at least three different litters. *, ** and *** indicate p < 0.05, 0.01 and 0.001, respectively, when compared to controls; and ### 

indicate p < 0.001 when compared to PGF, as determined by one-way ANOVA and Tukey’s post hoc test. 
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significantly lower total DIO3 expression than Ctrl 
mice (Figure 5b, left). We observed no differences 
between heterozygous HF, PGF and PGM mice in 
the contributions from the maternal allele 
(Figure 5b, centre). In this case, the composite of 
contributions to DIO3 activity showed that while in 
the testis of HF mice, as previously described [50], the 
expression is bi-allelic, in both PGF and PGM testis 
the reduction in DIO3 expression is largely due to 
repression of the paternal allele, with total expression 
showing now a pattern of preferential expression from 
the maternal allele (Figure 5b, right).

Neonatal tissue expression of other genes in the 
Dlk1-Dio3 domain

Despite the very distinctive patterns of altered 
expression in paternally- and maternally expressed 
genes that PGF and PGM mice exhibited in the 

foetal brain, we observed no such patterns – just 
a few expression changes- in neonatal tissues. In 
the P15 hypothalamus, Meg3 expression was ele-
vated in PGF and PGM mice compared to Ctrl 
mice, but no changes were observed in the other 
maternally expressed genes, Mirg and Rian 
(Figure 6a). Paternally expressed genes Dlk1 and 
Rtl1/Rtl1as showed decreased expression in the 
P15 hypothalamus of PGF and PGM mice, 
although this was not statistically significant in 
all cases (Figure 6b).

In P15 testis (Supplementary Figure 4A), Mirg 
expression was repressed in PGM mice, and 
Rian expression was elevated in P15 adrenal 
glands of PGF mice (supplementary Figure 4C) 
but we observed no additional alterations other 
than those described above for Dio3 
(Supplementary Figure 4B and 4D). We noted 
no other abnormalities in the expression of 

Figure 5. Allele-specific contributions to Dio3 expression changes in PGF and PGM mice.
(a) Total (both alleles) and maternal allele contributions, and composite of allelic contribution to DIO3 activity in the PGF and PGM 
P3 hypothalamus. (b) Total (both alleles) and maternal allele contributions, and composite of allelic contribution to DIO3 activity in 
the PGF and PGM P15 testis. Data represent the mean ± SEM of the number of animals indicated in the bars. Number of 
experimental mice are indicated in the bars and represent 5-11 litters. *** and ### indicate p < 0.001 when compared, respectively, 
with control and PGF mice, as determined by one-way ANOVA and Tukey’s post hoc test. 
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genes from the Dlk1-Dio3 imprinted domain 
(other than Dio3) in the P3 liver and cerebellum 
of PGF and PGM mice (Supplementary 
Figure 5).

Alterations in developmental growth and 
neonatal hormones

The epigenetic abnormalities and altered allelic 
expression of Dio3 in PGF and PGM mice were 
associated with abnormal developmental pheno-
types. At E13.5, the weight of PGF and PGM 
foetuses was significantly reduced compared to 
controls (Figure 7a). This growth retardation in 

both experimental groups was still observed on 
P3 (Figure 7b). However, we observed a neonatal 
catch-up in growth, as both PGF and PGM mice 
showed increased weight at P15 compared to con-
trol mice (Figure 7c).

We have previously shown that DIO3 defi-
ciency blunts neonatal leptin and 
exerts intergenerational effects on the offspring 
neonatal levels of both leptin and thyroid hor-
mones [61]. Thus we measured levels of thyroid 
hormones and leptin in PGF and PGM mice 
during neonatal life. At P3, due to the limited 
volume of serum samples, we only measured 
thyroxine (T4) and thyroid stimulating hormone 

Figure 6. Expression of Dlk1-Dio3 domain genes in PGF and PGM tissues.
(a) Expression of maternally expressed genes in the P15 hypothalamus. (b) Expression of paternally expressed genes in the P15 
hypothalamus. Data represent the mean ± SEM of the indicated number of animals representing at least three different litters. *, ** 
and *** indicate p < 0.05, p < 0.01 and p < 0.001, respectively, when compared to controls; and ### indicate p < 0.001 when 
compared to PGF, as determined by one-way ANOVA and Tukey’s post hoc test. 

Figure 7. Fetal and neonatal growth of PGF and PGM mice.
(a, b and c), Body weight of PGF and PGM mice at E13.5 foetal age (A), P3 (B) and P15 (C). Each point represents one mice. Data 
represent the mean ± SEM of the indicated number of animals representing at 3 to 6 different litters. ** and *** indicate p < 0.01 and 
p < 0.001, respectively, when compared to controls. 
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(TSH). T4 was significantly reduced in PGF at 
P3, but not in PGM mice (Figure 8a), while TSH 
levels were not different between groups 
(Figure 8b). Compared to Ctrl mice, serum T3 

(3,5,3’-triiodothyronine) was significantly 
reduced in PGM mice, but in not in PGF mice 
(Figure 8c). At this age, serum T4 in both PGF 
and PGM mice was significantly lower than in 

Figure 8. Neonatal levels of thyroid hormones and leptin in PGF and PGM mice.
Serum T4 at P3. (b), Serum TSH at P3. (c), Serum T3 at P15. (d), Serum T4 at P15. (e), serum T3/T4 ratio at P15. (f), Serum TSH at P15. 
(g), Serum leptin at P15. Each point represents one mice. Data represent the mean ± SEM of the indicated mouse samples 
representing at 3 to 9 different litters. T3 and T4 data at P15 represents three different experiments and the data is expressed as 
a percentage of control values to avoid inter-assay variations. ** and *** indicate p < 0.01 and p < 0.001, respectively, when 
compared to control group; # and ### indicate p < 0.05 and p < 0.001 when compared to PGF group, as determined by one-way 
ANOVA and Tukey’s post hoc test. 
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Ctrl mice (Figure 8d). These thyroid hormone 
values indicated an increase serum T3/T4 ratio 
in PGF mice, but this ratio was normal in PGM 
mice (Figure 8e). The abnormal levels of thyroid 
hormones at P15 were not accompanied by any 
significant changes in serum TSH (Figure 8f). 
Interestingly, P15 serum levels of leptin were 
markedly higher in PGF and PGM mice than 
in Ctrl mice, with this effect being significantly 
more pronounced in PGF mice than in PGM 
mice (Figure 8g).

Dlk1-Dio3 imprinted domain gene expression in 
Dio3-/- mice

To determine if some of the molecular abnorm-
alities in the Dlk1-Dio3 domain were present in 
the original exposed ascendants, we analysed the 
expression of genes located within the Dlk1-Dio3 
imprinted domain (Figure 9a) in tissues of 
Dio3-/- mice and wild type littermates. We used 
mice at P4, as it is during the early neonatal 
period that thyrotoxicosis is most severe [46]. 

This day also represents a day older that the 
mice studied above for transgenerational effects 
on Dio3 expression, as T3 excess due to loss of 
DIO3 activity will need about 24 h to exert its 
full effect on gene expression programs. We also 
measured Dio3 mRNA expression, as Dio3-/- 
mice carry a triple point mutation that renders 
the enzyme inactive [46] but leaves the expres-
sion of the mutated mRNA intact. Enhanced 
thyroid hormone action in each tissue examined 
was demonstrated by elevated expression of 
a well-established marker of T3 action. We used 
Hairless (Hr) in hypothalamus, cerebral cortex 
and testes (Figure 9a-c) and Dio1 (type 1 deiodi-
nase) in liver (Figure 9d), as hepatic expression 
of Hr is very low. DIO3 inactivation lead to 
markedly elevated expression of Dio3 and 
Dio3os in neonatal hypothalamus, cerebral cortex 
and testes, but decreased or unchanged in the 
liver (Figure 9b-e). Compared to wild type 
mice, Rian expression was significantly reduced 
in all Dio3-/- tissues, while the expression of 
Mirg trended lower but was only significantly 

Figure 9. Dio3 deficiency influences gene expression in the Dlk1-Dio3 imprinted domain.
(a-d) Postnatal day 4 (P4) gene expression in hypothalamus (a), cerebrocortex (b), testis (c) and Liver (d). (Note that Dio3 -/- mice 
carry a mutation that completely inactivates the DIO3 protein, but they still express a full Dio3 mRNA). Data represent the mean ±  
SEM of mouse samples representing at least three different litters. ***, ** and * indicate p < 0.001, p < 0.01 and p < 0.05, respectively, 
Dio3 +/+ vs. Dio3 -/-, as determined by the Student’s t-test. 
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decreased in the cerebral cortex (Figure 9b-e). 
The expression of Rtl1/Rtl1as and Begain (brain- 
enriched guanylate kinase-associated) was not 
altered in any tissue examined, while Dlk1 
expression was significantly reduced in the testes. 
Finally, Meg3 expression was significantly ele-
vated in hypothalamus and cerebral cortex 
(Figure 9b,c), but was unchanged in testes and 
liver (Figure 9d,e). These results indicate that the 
thyrotoxicosis caused by DIO3 deficiency alters 
the developmental gene expression in the Dlk1- 
Dio3 imprinted domain in a gene- and tissue- 
specific manner.

Methylation status in Dio3-/- P4 tissues and 
adult sperm of ascendant Dio3-/- mice

The observed gene expression changes in the Dlk1- 
Dio3 imprinted of Dio3-/- ascendants suggested 
the possibility of aberrant methylation Meg3 as 
observed in descendants. In Dio3+/+ P4 tissues, 
the average methylation of the Meg3 CpGs ana-
lyzes varied between 3 and 20% across testis, heart, 
liver, hypothalamus and cerebral cortex. However, 
a substantial increase in methylation was observed 
in tissues of Dio3-/- mice, with methylation levels 
ranging between 40 and 45% in the same tissues 
(Figure 10a). In the sperm of adult Dio3-/- males, 
we observed similar methylation changes in Meg3, 
which was 45% methylated in Dio3-/- sperm 

compared to 5% in Dio3+/+ sperm (Figure 10b). 
In contrast, we observed a moderate but signifi-
cant methylation reduction at the Dio3 promoter 
in Dio3-/- sperm. The average methylation (n = 4) 
of 72 CpG sites in this region was approximately 
5% in Dio3-/- sperm vs 10% in Dio3+/+ sperm 
(Figure 10c).

Discussion

Inter- and transgenerational epigenetic effects eli-
cited by environmental conditions in previous 
generations are increasingly appreciated as impor-
tant factors contributing to environmental adapta-
tion [62] and the non-genetic inheritance of 
disease susceptibility [63–65]. Here we present 
evidence for the transgenerational epigenetic self- 
memory of the mouse Dio3, a highly conserved 
gene in mammals that is subject to genomic 
imprinting and locates within the Dlk1-Dio3 
imprinted domain on mouse chromosome 12 
and syntenic region on human chromosome 14 
[66]. Given the critical role of Dio3 in modulating 
the transition of developing mammalian tissues 
from a low to a high, adult-like thyroid hormone 
signalling environment [45], and the broad con-
sequences of DIO3 deficiency for adult neurologi-
cal and endocrine pathophysiology [47,49,67], the 
intergenerational memory of Dio3 regulation may 
be a critical component of environmental adapta-
tion and evolution, as well as an important 

Figure 10. Neonatal tissue and adult sperm methylation in Dio3-/- mice.
(a and b), Meg3 promoter methylation in P4 tissues (a) and adult sperm (b). Each point represents the average methylation of 7 CpG 
sites in a given mouse. (c) Dio3 promoter methylation in adult sperm. Each point represents the average methylation of a specific 
CpG in 5 different animals. Data represent the mean ± SEM and *** and ** indicate p < 0.001, p < 0.01, respectively, Dio3 +/+ vs. 
Dio3 -/-, as determined by the Student’s t-test. 
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contributor to the non-genetic heritable aetiology 
of disease susceptibility.

We find that the loss of DIO3 function influ-
ences the Dlk1-Dio3 domain. The expression of 
most genes in the domain is altered in several 
Dio3-/- neonatal tissues studied. Furthermore, 
this is accompanied by marked increases in 
methylation at the Meg3 promoter, a region 
that, together with the IG-DMR [68], regulates 
allelic expression of genes in the domain [59], 
including that of Dio3 [69,70]. These observa-
tions suggest that a developmental excess of thyr-
oid hormones alters gene expression at the Dlk1- 
Dio3 locus partly by regulating the methylation 
of the Meg3-DMR, which is critical for gene 
expression regulation in the Dlk1-Dio3 imprinted 
domain [58].

Importantly, the developmental excess of T3 
caused by loss of DIO3 function also leads to 
specific DNA methylation differences in the adult 
sperm. The robust increase in Meg3 methylation in 
sperm DNA, as well as the significantly lower 
methylation in the Dio3 promoter, a genomic 
region has been shown to have low methylation 
levels in mouse foetuses [59], are both consistent 
with the altered methylome we have recently 
reported in these mice [33], and point to 
a specific epigenetic effect on the Dlk1-Dio3 
locus. As methylation levels of the Meg3 promoter 
region, and not Meg3 expression itself, regulate 
Dio3 allelic expression [58], our observations sup-
port the hypothesis that these epigenetic marks are 
maintained in the tissues of descendants, influen-
cing the developmental expression of Dio3, and 
impacting DIO3-associated pathophysiological 
endpoints.

Our results in tissues from F3 generation mice 
indicate that the increases in Meg3 methylation 
observed in the tissues and sperm of ancestors are 
largely maintained in descendants, with most foe-
tal and neonatal tissues studied exhibiting com-
parable hypermethylation of Meg3. Meg3 
hypermethylation occurs without concomitant 
methylation changes in the other main regulatory 
region, the IG-DMR [59]. Furthermore, Meg3 
hypermethylation in the tissues of PGF and 
PGM descendants was associated with gene 
expression changes in Dio3 and other genes in 
this imprinted locus. Dio3 mRNA expression in 

neonatal tissues of PGF and PGM mice was 
altered in a manner that depended on the tissue, 
the neonatal age, and the sex of the ancestor 
exposed to thyroid hormone excess. The changes 
in tissue Dio3 mRNA expression in descendants 
were accurately reproduced by changes in DIO3 
enzymatic activity, indicating a tight correlation 
between altered gene expression and biological 
function.

The variability of Dio3 expression (up, down or 
no change) across the tissues of descendants is not 
particularly surprising considering the broad tissue 
variability in the relative allelic expression of Dio3 
we previously reported [50]. While most 
imprinted genes in the Dlk1-Dio3 locus exhibit 
strict monoallelic expression [68], the preferential 
expression of Dio3 from the paternal allele in the 
mouse foetus (~80% from the paternal allele) is 
not strict [42], with some tissues like testis [50], 
placenta [68,70] and regions of the central nervous 
system, especially in later life [50], showing relaxed 
imprinting patterns of allelic expression or biallelic 
expression of Dio3. Although the determinants of 
the tissue-specific Dio3 allele expression ratios 
have not been identified, this tissue variability is 
consistent with the Dio3 expression abnormalities 
observed in PGF and PGM mice, and suggest 
a remarkable plasticity in Dio3 gene dosage across 
tissues and generations.

In addition to their tissue specificity, our data 
also demonstrate that the intergenerational epige-
netic effects observed on Dio3 expression are lar-
gely the result of allele-specific effects. The marked 
and comparable increases in Dio3 expression in 
the P3 hypothalamus of PGF and PGM animals 
originate from very different effects on Dio3 
alleles. The increase in PGF mice is due to a de- 
repression of the maternal Dio3 allele, making 
Dio3 expression bi-allelic, while the increase in 
PGM mice is due to additional Dio3 expression 
from the paternal allele, making Dio3 more strictly 
monoallelic. Interestingly, in the P15 testis, where 
Dio3 expression is normally biallelic, the decreased 
expression observed in PGF and PGM mice is the 
result in both cases of repression of the Dio3 
paternal allele, making testicular Dio3 preferen-
tially expressed from the maternal allele.

In both PGF and PGM mice the epigenetic 
alterations should be last transmitted by the 
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paternal allele. However, our results on Meg3 
methylation and allelic Dio3 expression indicate 
that the maternal allele is affected. This suggests 
that epigenetic abnormalities in the paternal allele, 
which may also occur in other parts of the gen-
ome, exert a regulatory function in the maternal 
Dio3 allele, a mechanism that has been described 
in other imprinted domains and may be mediated 
by non-coding RNAs [71,72].

Although the similarities in some of the results 
from PGF and PGM mice suggest that the male 
and female germ lines share common response 
mechanisms to thyroid hormone excess [33] that 
trigger specific germ line epigenetic signatures 
(like Meg3 methylation), our findings also reveal 
differential Dio3 expression outcomes depending 
on the sex of the exposed ancestor. This suggests 
that other unidentified altered epigenetic signa-
tures specific to the sex of the originally exposed 
individual also play a role in the implementation 
of a sex-specific agenda for the epigenetic trans-
mission of particular traits across generations.

It is important to note that the hypothalamus 
and gonads of the mice studied consistently show 
abnormalities in Dio3 expression. Given the roles 
of these tissues, respectively, in regulating impor-
tant endocrine systems, energy balance, and in the 
establishment of the epigenetic information of the 
germ line, our observations suggest an important 
role for Dio3 dosage in the intergenerational adap-
tation to thyroid hormone states in previous gen-
erations. This idea, postulated for genomic 
imprinting [73,74], is not surprising. Many 
imprinted genes have important roles in the reg-
ulation of developmental growth, endocrine func-
tions and behaviour [75–77], and the 
pathophysiological importance of Dio3, as evi-
denced in Dio3 null mice, is tightly aligned with 
those roles [46,47,49,78–80].

Although our study focused on Dio3, we also 
observed abnormalities in the total expression of 
other genes in the Dlk1-Dio3 imprinted domain. 
Most remarkable in this regard is the expression 
pattern in the foetal brain, in which the expression 
of paternally expressed genes, including Dio3, fol-
lows abnormal patterns that are distinct from 
those of maternally expressed genes. This further 
reinforces the notion that the trans-generational 
effects of thyroid hormone excess are allele- 

specific and partly depend on the sex of the indi-
vidual exposed. The distinct and well-defined 
expression pattern observed at this developmental 
stage also suggests that the transgenerational 
effects on the domain are already established – 
and more tightly defined- at early embryonic 
stages, partly fading later in development, as we 
only observed minor and limited changes in the 
expression of other genes in the domain at late 
neonatal stages.

Of note, the developmental gene expression 
abnormalities in the Dlk1-Dio3 domain in PGF and 
PGM mice are of significant consequence for devel-
opmental growth and endocrine phenotypes. PGF 
and PGM mice exhibit a distinctive profile of growth 
retardation in utero and shortly after birth, but 
a growth spurt later in neonatal life that surpasses 
that of littermate controls. This altered growth pro-
file may have later life implications for body compo-
sition and susceptibility to metabolic disease and 
obesity. PGF and PGM mice also show different 
degrees of reduction in their levels of thyroid hor-
mones as well as different abnormal increases of 
neonatal leptin. Given the critical importance of 
developmental levels of leptin [81,82] and thyroid 
hormones in the programming of multiple neuroen-
docrine systems, energy balance and brain functions 
[83–85], our results suggest that the transgenera-
tional effects elicited by thyroid hormone excess in 
ascendants broadly affects the development of multi-
ple physiological systems, with consequences for 
adult susceptibility to endocrine and neurological 
disorders, as we have specifically described for the 
neuroendocrine traits in the F2 generation [61], and 
behavioural alterations of F3 generation PGF mice 
[33,48].

Overall, our results show that thyroid hormone 
status, which is controlled during development by 
DIO3 activity, influences Meg3 methylation. This 
epigenetic signature is maintained in descendants, 
in which Dio3 allelic expression and dosage are 
affected in a tissue-specific manner that also 
depends on the sex of the exposed ancestor, 
impacting developmental growth and endocrine 
outcomes. Our work describes a rather unique 
example of an imprinted gene with variable allelic 
expression ratios across tissues, for which allelic 
expression and dosage may be continuously adapt-
ing according to perceived developmental Dio3 
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dosages in previous generations. We are not aware 
of a similar paradigm described in the literature 
for another gene. The transgenerational epigenetic 
self-memory of Dio3 opens novel prespectives into 
the role of genomic imprinting in environmental 
adaptation and evolution. Our findings may also 
have important clinical implications, as changes in 
thyroid status due to highly prevalent thyroid con-
ditions may modify the epigenetic information of 
the germ line and determine physiological pro-
gramming and disease susceptibility in future 
generations.
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