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Abstract

Genetic factors do not fully account for the relatively high heritability of neurodevelopmental
conditions, suggesting that non-genetic heritable factors contribute to their etiology. To evaluate
the potential contribution of aberrant thyroid hormone status to the epigenetic inheritance of
neurological phenotypes, we examined genetically normal F2 generation descendants of mice that
were developmentally overexposed to thyroid hormone due to a Dio3 mutation. Hypothalamic
gene expression profiling in postnatal day 15 F2 descendants on the paternal lineage of ancestral
male and female T3-overexposed mice revealed, respectively, 1089 and 1549 differentially
expressed genes. A large number of them, 675 genes, were commaon to both sets, suggesting
comparable epigenetic effects of thyroid hormone on both the male and female ancestral germ
lines. Oligodendrocyte- and neuron-specific genes were strongly overrepresented among genes
showing, respectively, increased and decreased expression. Altered gene expression extended to
other brain regions and was associated in adulthood with decreased anxiety-like behavior,
increased marble burying and reduced physical activity. The sperm of T3-overexposed male
ancestors revealed significant hypomethylation of CpG islands associated with the promoters of
genes involved in the early development of the central nervous system. Some of them were
candidates for neurodevelopmental disorders in humans including Nrg3, Nrxnl, Gabrb3, Gabras,
ApbaZ, Grik3, Reln, Nsd1, Pcdh8, Enland ElavlZ. Thus, developmental levels of thyroid hormone
influence the epigenetic information of the germ line, disproportionately affecting genes with
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critical roles in early brain development, and leading in future generations to disease-relevant
alterations in postnatal brain gene expression and adult behavior.

Introduction

Epidemiological and familial studies suggest a variable but relatively large heritable
component in the etiology of many neurological disorders 17, which may include autism
spectrum disorders, schizophrenia, attention deficit and hyperactivity disorder, bipolar
disorder and depression. Genome-wide association studies in recent years have increased the
list of candidate genes, pointing to a complex, multigenic contribution to the onset of these
conditions 812, However, genetic causes only account for a relatively low percentage of
actual clinical cases. Although the influence of maternal pathophysiology and environmental
factors are likely important modifiers of disease susceptibility 13-16, a significant proportion
of the heritability of neurodevelopmental disorders remains unexplained 1719,

Increasing evidence indicates that alterations in the epigenetic information inherited from
previous generations may partly explain the “missing heritability” of neurodevelopmental
conditions 20-22, Exposure to hormones, chemicals and environmental factors such as stress
and diet may alter the epigenetic information of an individual’s germ line, with potential
consequences for the pathophysiology of subsequent generations 23-26. However, much
remains unknown about the factors that initiate or contribute to this phenomenon and how
neurological phenotypes may be affected.

In this context, the role of thyroid hormones has not been sufficiently considered. Thyroid
hormones are critical for normal neurological outcomes and their orchestrated action during
brain development regulates neural cell proliferation, migration and differentiation, dendritic
formation, axon guidance, myelination and synaptic transmission 27. Alterations in thyroid
hormone status during development may occur in humans due to congenital defects 28 29,
maternal thyroid disease 29-31 and exposure to environmental chemicals 32: 33, A deficiency
in thyroid hormone during development may lead to mental retardation and cretinism 34, and
maternal thyroxine has been shown to be of importance to ensure appropriate levels of the
principal active hormone 3,5,3’-triiodothyronine (T3) in the fetal brain before full thyroid
gland function is attained 3>-37_ Intriguing, poorly understood observations have also linked
abnormalities in thyroid hormone physiology to neurodevelopmental disorders like autism
15,38-40 schizophrenia 4 and attention deficit and hyperactive disorder 38: 42,

Previous observations suggest that altered levels of thyroid hormone may impact brain
function in later generations, presumably via intergenerational epigenetic mechanisms.
Bakke et al. showed that an altered thyroid hormone state in the neonatal or adult rat results
in abnormal neuroendocrine phenotypes in their offspring 43 44. More recent work in a rat
model of fetal alcohol exposure shows that developmental administration of thyroxine
causes epigenetic effects in descendants, impacting behavior and the expression of genes of

importance to epigenetic regulation and brain development including Dnmt1, Dio3and Igf2
45,46
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Thus, we investigated the neurological significance of ancestral overexposure to thyroid
hormone during development. To this purpose, we used a genetic mouse model of type 3
deiodinase (D103) deficiency 47. DIO3 is highly expressed during development and is the
principal enzyme that inactivates both thyroxine and T3 48. Here we report that genetically
normal (wild type) F2-generation descendants of Dio3”~ mice exhibit alterations in their
neonatal patterns of gene expression affecting the hypothalamus and other brain regions.
These alterations are associated with behavioral abnormalities in adulthood. We also report
an abnormal methylome in the sperm DNA of overexposed male ancestors. Our results
suggest that developmental overexposure to thyroid hormone modifies the epigenetic
information that is transmitted to subsequent generations, causing alterations in molecular
and functional neurological traits.

Materials and Methods

Experimental Animals.

Studies on P15 neonates of both sexes were performed in mice from an outbred CD-1
genetic background. As a model of developmental overexposure to 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 perinatal life 47. Second
generation animals from all experimental groups (Fig. 1a) were born to and raised by
genetically normal females in the absence of the father. Unless otherwise stated, we used
experimental mice born to first litters (see Supplementary Methods for additional details
about genetic background, ancestry, litter information and mating design). Mice were
euthanized by asphyxiation with CO, and harvested tissues were frozen immediately on dry
ice until further use. All experiments were approved by the Maine Medical Center Research
Institute Institutional Animal Care and Use Committee (IACUC).

RNAsequencing.

Total RNA was isolated from the hypothalamus of P15 mice. For each experimental group
we used three mice (n=3) of either sex (based on 80% power and an anticipated standardized
effect size of 3, as we anticipated strong effects on a relatively reduced number of genes).
Each mouse originated from a different litter. The RNA samples were processed for library
construction and next generation sequencing by Cofactor Genomics (St. Louis, MO) (See
Supplementary Methods for full details). For the purpose of the identification of
differentially expressed genes, we considered only those genes (15256 genes) whose sum of
expression levels between all experimental groups was higher than 10, as determined by
their Fragments Per Kilobase of transcript per Million mapped reads (FPKM). A Fisher’s
exact test was used to determine which genes were differentially expressed in pairwise
comparisons between each of the three experimental groups and the control group. Genes
showing more than a 30% change in expression and a P adjusted value lower than 0.1 were
considered differentially expressed.

Representation of cell type-specific genes.

To identify any under or over-representation of genes specific to a particular brain cell type
within our sets of differentially expressed genes, we took advantage of the database and
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webserver (http://web.stanford.edu/group/barres_lab/brain_rnaseg.html) generated by Zhang
et al. 49. Using this database (see Supplementary Methods), we identified genes with the
highest specificity for each brain cell type. We then implemented a Fisher’s Exact test using
the R function fisher.test to test for overrepresentation of differentially expressed genes in a
given list of the top set of expressed genes of a given cell type. The p-value and odds ratio
for enrichment were recorded to determine statistically significant over- or under-
representation.

Pathway and Disease and functional ontology analysis.

Disease and functional ontology analyses were performed on selected groups of genes using
INGENUITY software (Qiagen, Valencia, CA), Functional Disease Ontology (FunDO)
annotations (http://django.nubic.northwestern.edu/fundo/ and http://
projects.bioinformatics.northwestern.edu/fundo), a service from Northwestern University
50-52 and the Database for Annotation, Visualization and Integrated Discovery (DAVID)
(https://david.ncifcrf.gov/), a service supported by the National Institute of Allergy and
Infectious Diseases 3355,

Real time gPCR.

Real time quantitative PCR was used to validate RNA-sequencing results. This was
performed following standard protocols analysis, as detailed in Supplementary Methods.
Based on magnitude of the effect size observed for differentially expressed genes revealed
by RNA-sequencing data, and on power analysis (80% power for an effect size of 1.5), we
used samples from a minimum of 8 mice per experimental group. Animals in each
experimental group represented at least three different litters.

Immunofluorescence (IF) and immunohistochemistry (IHC).

IF and IHC were performed following standard procedures (see Supplementary Methods) on
testicular sections of testes fixed in Bouin’s solution.

Sperm Methylome Analysis.

Sperm DNA was isolated from 3-month old male mice following standard procedures (see
Supplementary Methods). These samples were obtained from three different mice born to
different mothers. We used a reduced-representation bisulfite sequencing approach to
analyze methylation in sperm DNA. This was performed using the Methyl-MiniSeq service
from Zymo Research (Irvine, CA). Bisulfite conversion was higher than 98%. Technical
details and analytical methodology are fully described in Supplementary Methods.

Animal behavior.

All behavioral tests were performed in the same cohort of 5-6 months old mice. We aim to
use a minimum of 12 mice per experimental group and sex. This number is based on
acceptable standards for behavioral phenotyping and provide a 80% power to identify a
significant effect size of 1.3. Animals in each group represented at least three different
mothers. Tests were performed according to standard published protocols (see
Supplementary Methods) with two days of separation in the following order: Elevated plus
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maze, dark/light box (first week), marble burying, tail suspension (second week) and
physical activity (third week). Mice falling from the elevated maze were excluded from the
analysis.

Statistical analysis of qPCR and behavioral data.

Results

Data was analyzed using GraphPad Prism software. Power analysis, as indicated in the
respective section, was used to determine the minimum number of bioclogical samples or
animals needed to achieve statistical significance based on the anticipated effect size. Data is
represented as the mean = SEM and exhibited normal distribution. One or two tail Student’s
t test were used to compare two experimental groups, while one-way ANOVA and Tukey’s
post hoc test was used for comparison between more than two experimental groups.
Variances were similar between experimental groups. P<0.05 was considered significant, but
more stringent levels of significance are also noted.

Altered brain gene expression in the F2-generation descendants of mice overexposed to
T3 during development.

As a model of developmental overexposure to T3, we utilized DIO3-deficient (Dio3™")
mice 47. These mice exhibit consistent supraphysiological levels of T3 during fetal and
neonatal life 47-56 (Fig. 1a). We examined four groups of mice that were genetically normal
(Dio3*"*) and born to genetically normal females (Fig. 1a). The control group included F2
generation mice that have only genetically normal male and female ancestry back to the FO
generation. The second group included F2-generation mice with a heterozygous father and a
T3-overexposed (Dio3™") paternal grandmother (PGM mice). The third group included F2
generation mice with a heterozygous father and a T3-overexposed (Dio37") paternal
grandfather (PGF mice). The last group was an additional control group and included mice
with a heterozygous father (HF mice) and no history of ancestral T3 overexposure.

All animals studied shared common ancestry previous to the FO generation and all
heterozygous animals in the ancestry tree, except one, inherited the mutated Dio3allele from
their mothers. As Dio3is an imprinted gene preferentially expressed from the paternally
inherited allele in most tissues °7: 58, although observations in rats indicate that Dio3 s
preferentially expressed from the maternal allele in the adult hippocampus 5°. However,
circulating levels of thyroid hormones are normal in adult mice with paternal or maternal
inheritance of the Dio3 mutation, and in neonates with maternal inheritance of the mutation
60,61 Qnly the heterozygous male mice with paternal inheritance of the mutation (F1
generation mice that fathered the experimental PGF mice) were exposed to moderately
elevated levels of thyroid hormone during development 56 €0 (Fig. 1a, thin arrow).

To determine the effects of ancestral T3 exposure on the brain developmental programs of
descendants we performed RNA sequencing of total RNA isolated from the hypothalamus of
postnatal day 15 (P15) animals from all experimental groups. This age was chosen as it
coincides with a peak in circulating thyroid hormones and the initiation of broad thyroid
hormone action in the brain 82. We identified 1549, 1089 and 81 genes that showed altered
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expression in the hypothalamus of PGM, PGF and HF mice, respectively (Fig. 1b, see also
Supplementary Datal and Supplementary Fig. 1). (These groups of differentially expressed
genes are referred to as PGM, PGF and HF genes, respectively). We did not followed up on
gene expression changes in HF mice, as remarkably, very few genes showed altered
expression in HF mice and the changes were modest, suggesting that having a
phenotypically normal heterozygous father has negligible effect on the brain gene expression
of their wild type progeny. In contrast, most gene expression changes in the F2 generation
occur as a result of a grandparent overexposed to T3.

Interestingly, 675 genes showed altered expression in both PGM and PGF mice (Fig. 1b,
referred to as “common genes™). This number of “common genes” is markedly higher than
predicted by chance (P=2.2 E-16), strongly suggesting a shared mechanism underlying the
effects in both experimental. Furthermore, common genes showed a 100% concordance in
the direction of gene expression change between PGM and PGF mice (Fig. 1b). The
likelihood of this concordance is very high (P = 0), strongly rejecting the null hypothesis
that gene expression changes occurring in PGM and PGF mice are the result of independent
mechanisms. In addition, common genes were up-regulated and down-regulated to a similar
extent in PGM and PGF mice (Fig. 1b). Clustering analysis of 49 genes showing top
expression differences illustrates the similarities in the gene expression profiles of PGM and
PGF mice that were different from those in control and HF mice (Fig. 1d). A similar result is
obtained when including all differentially expressed genes (Supplementary Fig. 2c).

RNA-sequencing results were validated using qPCR in independent samples. Expression
levels of selected genes were elevated in PGM and PGF mice, but not in HF mice (Fig. 1d).
Likewise, RNA-sequencing results were validated for 27 out of 32 up- and down-regulated
genes in independent PGM hypothalami (Fig. 2a and 2b). The expression of many of these
genes was also altered in other brain regions of PGM mice (Supplementary Fig. 2a),
suggesting that gene expression programs in other brain areas are also affected.

INGENUITY analysis of differentially expressed genes in PGM and/or PGF mice identified
functional enrichments in behavior, neuronal development, movement disorders, some types
of cancer and schizophrenia (Fig. 2c), while the top enriched canonical pathway and
upstream regulator identified were “axon guidance signaling” and TCF7L2 signaling,
respectively (Fig. 2d and 2e and Supplementary Fig. 3).

We analyzed differentially expressed genes in PGM and PGF mice for enrichment in
specific brain cell types using the data and tools generated by Zhang et al. 4° (see
Supplemtary Methods). We observed a dramatic overrepresentation of genes specific to
mature oligodendrocytes in genes upregulated in PGM and PGF mice (Fig. 2f). The
upregulation of oligodendrocyte-specific genes (including Gss, Mbp, Mobp, Mog, Plp1,
Ptgds and Ugt8a) was in the hypothalamus and other brain regions of PGM mice (Fig. 2g,
and Supplementary Fig. 2c). In contrast, genes down-regulated in PGF and PGM mice
showed enrichment in neuron-specific genes and, to a lesser extent, in astrocyte-specific
genes (Fig. 2f).
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Altered Adult Behavior.

We analyzed some basic behaviors in PGF mice (Supplementary Fig. 4 and 5). As these
mice are F2 generation descendants through the paternal line of ancestors overtly
overexposed to T3, they represent a better model to demonstrate stability in the epigenetic
inheritance of any behavioral traits. Adult PGF mice of both sexes exhibited decreased
anxiety-like behavior, as evidenced by increased time spent and distance traveled in the open
arms of the elevated plus maze (Fig. 3a). They also showed enhanced digging behavior in
the marble-burying test (Fig. 3b), but no significant depression-related behavior as assessed
in the tail suspension test (Fig. 3c) Adult PGF mice also manifested decreased levels of
physical activity (Fig. 5d).

Alterations in the germ line methylome of exposed ancestors.

In view of the results above, we hypothesized that epigenetic alterations do occur in the
germ line of Djo3™~ ancestors overexposed to T3 during development.
Immunohistochemical analysis of Dio3”~ newborn testis revealed decreased 5-methyl-
cytosine (5mC) staining (Fig. 4a), while immunofluorescence co-staining with a germ cell-
specific marker (Tra98) indicated that 5mC is detected in germ cells among somatic cells at
this age. Additional changes in the staining of 5mC and 5-hydroxymethyl-cytosine are
observed in the testis of P1 and P11 Djo3~ mice (Supplementary Fig. 6, 7 and 8).

We then carried out a methylome analysis in DNA obtained from the sperm of adult Dio3”~
males. We identified ~110,000 differentially methylated CpG sites (DM-CpGs)
(Supplementary Data 2) that showed an average methylation difference of ~20% and
included a similar number of hyper- and hypomethylated DM-CpGs (Fig. 4b). We analyzed
individual DM-CpGs and genomic regions 1 kb in size with a higher density of DM-CpGs
(most of them CpG islands referred to as “enriched regions”)(Supplementary Data 3). We
identified 3396 of these regions. Enriched regions exhibited a marked bias towards a
hypomethylation state, but this bias was midler in individual DM-CpGs (Fig. 4c). Individual
DM-CpGs with top methylation difference showed a hypomethylation bias only within 1kb
of TSSs (Fig. 4d), but a more extensive and accentuated bias to a hypomethylation state is
observed in 1326 DM-CpG-enriched regions (Fig. 4e). This is further appreciated in the
Boolean heat map in Fig. 4f.

The distributions of all DM-CpGs and regions enriched in DM-CpGs were not homogeneous
across the genome, but exhibited similar concentration patterns across certain chromosomal
regions, including high densities of DM-CpGs in distal areas of chromosomes 4 and 15
(Supplementary Fig. 9a). Differential methylation in sex chromosomes was significantly
lower than the genome’s average (Supplementary Fig. 9b).

INGENUITY analyses of 1409 genes associated with individual CpGs showing top
methylation differences and 1097 did not grossly differ (Fig. 4g). They indicated enrichment
in genes related to embryonic stem cells and fetal development, the development of neurons
and the central nervous system, behavior, and digestive cancer. The analysis also showed
common enrichment in canonical pathways associated with stem cell pluripotency and axon
guidance signaling, and pointed to upstream regulators involved in cell stemness and
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neurogenesis, including SOX2, ASCL1, CTNNB1, POU4F1 and REST. Additional gene
ontology analysis using DAVID identified enrichment in genes related to the control of
transcription, embryonic development and neuronal differentiation, while disease analysis
using the FunDO web tool (see Methods) determined top enrichment in genes associated
with autism, cancer, schizophrenia, drug abuse and congenital abnormalities (Supplementary
Fig. 9c and d). We selected 51 genes associated with top enrichment in DM-CpGs and
represented their normalized tissue patterns of expression using data available from the
mouse ENCODE project 3. The clustered heat map of these data illustrates a marked
enrichment in genes with highly specific expression in tissues of the developing and adult
central nervous system (Supplementary Fig. 10).

Descendants brain expression of genes differentially methylated in ancestors’ sperm.

Out of 597 genes (analyzed in Supplementary Fig. 9d) differentially methylated in the sperm
of ancestors, we selected ~20 genes that, according to the Allen Brain Atlas, exhibit
measurable expression in P15 brain tissue available from the previous RNA-sequencing
experiment. All of these selected genes exhibited significantly increased expression in a
striatal-hippocampal sample of P15 PGF mice (Fig. 5a). Only 9 of those genes, respectively,
exhibited altered expression in the hypothalamus or cerebral cortex (Supplementary Fig. 11).
Thus, at least some of the genes differentially methylated in the sperm of ancestors exhibit
altered expression in the brain tissue of descendants.

Analysis of genes differentially methylated in the sperm of ancestors revealed enrichment in
genes specific to neurons and oligodendrocyte precursor cells (OPCs) (Supplementary Fig.
12a), but not in oligodendrocyte-specific genes, as found for gene abnormally expressed in
descendants.

Finally, we compared genes differentially methylated in the ancestor’s germ line with those
differentially expressed in the F2 generation neonatal hypothalamus, and both of those sets
with lists of candidate genes for schizophrenia (560 genes 3 ), autism (631 and 171 genes
based on compendia by the Simmons Foundation and Peking University, respectively) and
T3-regulated genes in the brain 54 (see Methods). There was a significant overlap of
differentially methylated genes in ancestral sperm with autism candidate genes (P= 6.5E-07,
odds ratio 6.9) and with genes down-regulated in the brain of descendants (P= 1.4E-12, odds
ratio 5.2) (Supplementary Fig. 12b). There was also a significant overlap between genes
differentially expressed in descendants and a dataset of genes regulated by T3 in the brain
(P=2.5E-9, odds ratio 3.6).

Discussion

Using a well-characterized mouse model of developmental thyrotoxicosis 47- 85, we show
that second generation wild type descendants of T3-overexposed mice exhibit an abnormal
hypothalamic gene expression profile as neonates (Fig. 5b). These abnormal brain gene
expression patterns are of epigenetic origin as these descendants are genetically normal and
were born to genetically normal females. The abnormal gene expression profiles occur both
in descendants of mice with a male or with a female overexposed ancestor in the paternal
line (PGF and PGM mice). These abnormal profiles in PGF and PGM descendants largely
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overlap, indicating that developmental T3 excess influences the epigenetic germ line of
males and females in a similar manner.

We also show that gene expression alterations in descendants do not appear to be restricted
to the hypothalamus. They may affect multiple regions of the central nervous system and are
associated in adulthood with behavioral abnormalities related to anxiety, repetitive behavior
and physical activity. This behavioral phenotype only partly resembles that described for T3-
overexposed ancestors 56, suggesting that some behavioral traits may be maintained or
corrected in descendants via T3-driven intergenerational epigenetic effects .

The analysis of the sperm DNA methylome of T3-exposed male ancestors further supports a
role for T3 in modifying the epigenetic information of the germ line. This process is likely
initiated early in development, as indicated by the abnormal levels of DNA methylation
observed in the neonatal testis, a critical period for the expansion of spermatogonia and
during which high D103 expression 87 plays a important role protecting the testis from T3
excess and its potential deleterious effects on the chromatin landscape 8. The epigenetic
effects of T3 are not surprising given its regulation of DNA methyltransferases 69 and its
ability, upon receptor binding, to modify chromatin by recruiting histone modifying
enzymes %8, The higher percentage of proliferating cells during development makes this
period particularly susceptible to the epigenetic effects of thyroid hormone, as shown
recently by aberrant epigenetic programming of the adult liver due to a loss in a neonatal
hepatic peak in T3 70, It is also possible that some of the germ line epigenetic modifications
observed could be secondary to other metabolic or endocrine abnormalities present in the
ancestral fetus or neonate due to T3 overexposure, and not to direct T3 effects on DNA or
chromatin modifying genes.

Developmental T3 excess leads in the adult sperm DNA to a similar number of hypo- and
hypermethylation changes. However, we observed strong, selective hypomethylation in CpG
islands associated with the promoter regions of genes that are highly specific to the central
nervous system, involved in early brain development and overrepresented in neurogenic
pathways regulating the proliferation and fate of neural precursor cells, including those
regulated by SOX2 7172/ ASCL1 73, CTNNB1 74 and REST 7°. We show that some of these
hypomethylated genes exhibit increased expression in certain brain areas of neonatal F2
generation descendants (PGF mice), suggesting a maintained hypomethylated state across
generations that results in increased gene expression. Furthermore, among these group of
genes are recognized candidate genes for neurodevelopmental disorders in humans including
Nrxnl, Nsd1, Reln, Gfap, Mest, Banfand others. This raises the possibility that T3-driven
epigenetic inheritance may influence susceptibility to these conditions.

Since many hypomethylated genes in the ancestral germ line are involved in early brain
development, it is possible that a significant proportion of the gene expression changes
observed in descendants at postnatal day 15 occurs secondary to alterations in brain cell
homeostasis and development due to inherited epigenetic dysregulation of early brain genes.
In addition, considering the role of thyroid hormone in brain developmental plasticity, a
complementary mechanism to explain altered brain gene expression in descendants is that
T3 overexposure may affect the epigenetic information of some T3 target genes 54, or of
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genes that control thyroid hormone action and availability in the brain. The latter may
include Dio3and DioZ2, which have opposites roles in regulating T3 availability in neural
tissue 76 . However, their differences in mRNA levels in descendants did not reach statistical
significance in the RNA sequencing experiment. Still, this possibility is supported by the
observations that thyroid hormone regulates several genes involved in myelination 27 and
also influences brain cell fate favoring oligodendrocyte generation 7 , which is consistent
with our observations of these processes being altered in the F2 generation. A role of
inherited epigenetic alterations in Dio3as a likely contributor to the phenotypes of
descendants is supported by data indicating that the epigenetic regulation of the Djo3 gene
in present and future generations is susceptible to fetal environmental factors such as alcohol
exposure and thyroxine administration 4% 46,

Additional work is needed to understand how susceptibilities to particular
neurodevelopmental phenotypes are influenced by ancestral overexposure to thyroid
hormone and to define their patterns of inheritance. This may entail gene expression
profiling in other brain regions and extended behavioral tests that may include social
behavior and prepulse inhibition. Our work shows that this developmental insult may
determine neurological traits in future generations via epigenetic mechanisms. This might be
relevant to the “missing heritability” of neurodevelopmental conditions in humans as an
abnormal thyroid hormone status in the fetus may occur largely unnoticed secondary to
maternal thyroid disease or environmental exposure to chemicals that disrupt thyroid
hormone action.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Transgenerational effects of thyroid hormone on brain gene expression.
(a), Ancestry of the experimental animals studied and neonatal serum T3 in postnatal day 2

(P2) animals of either sex and of different Dio3 genotypes as previously reported. Thin and
thick red arrows indicate, respectively, modest and overt overexposure to T3 during
development in correspondence to the data in the graph below; (b) Distribution of
differentially expressed genes in the P15 hypothalamus across experimental groups and
correlation of expression levels between those common to PGF and PGF mice. (c)
Clustering and heat map of 49 genes whose expression increased more than 2.5 fold and
decreased more than 0.4 fold in at least one of the three experimental groups compared with
the control group; (d) gPCR validation of 7 differentially expressed genes in independent
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samples from Control (n=11), PGF (n=11), PGM (n=10) and HF (n=9) mice. *, ** and ***,
P<0.05, 0.01 and 0.001, respectively, as determined by ANOVA and Tukey’s post hoc test .
PGM, paternal grandmother; PGF, paternal grandfather; HF, heterozygous father.
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Fig. 2. Validation and analysis of differentially expressed genes.
(a, b), gPCR validation in independent samples from PGM of 32 genes identified as

upregulated (a) or down regulated (b) in the RNA-sequencing experiment. (¢, d and e)
Results summary of INGENUITY analysis of differentially expressed genes for disease,
biofunction and molecular pathway; (f) Enrichment among differentially expressed genes in
genes specific to particular brain cells; (g) Expression of oligodendrocyte-specific genes in
the hypothalamus and striatum/hippocampus of PGM mice versus controls (dotted line). *,
** and ***, P<0.05, 0.01 and 0.001, respectively as determined by one-tail Student’s t-test

Mol Psychiatry. Author manuscript; available in PMC 2019 April 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Martinez et al.

Page 18

(aand b) or ANOVA and Tukey’s post hoc test (g) in measurements performed on samples
from 11 Control and 12 PGM mice (a and b) and in samples from 11 Control and 11 PGM
mice (g).
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(a) Results from the elevated plus maze test; (b) Results of marble burying test; (c) Results
of tail suspension test; (d) Daily distance run and physical activity. * and **, P<0.05 and

0.01 respectively as determined by ANOVA and Tukey’s post hoc

test in 12 and 19 Control

males and female mice, respectively, and in 12 to 18 PGF male and female mice,

respectively.
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Fig. 4. Epigenetic alterations in the germ line of T3-overexposed ancestors.
(a) 5-Methyl cytosine (5-mC) immunostaining (top), and nuclear (blue), 5-mC (green), germ
cell-specific Tra98 (red), and overlay immunofluorescence in postnatal day 1 (P1) testis (see
also figs. S4, S5 and S6); (b) Methylation difference in all the differentially methylated CpG
sites (DM-CpGs) identified; (c) Percentage of hypomethylated sites and average change in
methylation in DM-CpGs and in 1 kb genomic regions enriched in DM-CpGs, in
relationship to the distance to the transcription start sites (TSSs) of genes. (d) Methylation
status in DM-CpGs with top differential methylation located within 5Kb of TSSs. (e)
Methylation status in DM-CpG-enriched regions with top differential methylation located
within 5Kb of TSSs. (f) Methylation status comparison and distribution according to
distance to TSSs between top (highest differential methylation) 1018 DM-CpGs and top
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(highest differential methylation average) 1042 DM-CpG-enriched regions; (g) Results
highlights from INGENUITY analysis of genes associated with top individual DM-CpGs
and genes associated with DM CpG islands within 5 kb of the transcription start site. *, **
and ***, indicate P<0.05, 0.01 and 0.001, respectively, as determined by Xz test (d and e).
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Fig. 5. Descendants’ expression of genes hypomethylated in ancestors’ sperm.

1duosnuely Joyiny

(a) Expression in the striatum/hippocampus of F2 generation descendants (PGF mice) of
genes hypomethylated in ancestors germ line; (b) Diagram of findings in the current work in
the context of the published neurological abnormalities of the FO generation. *, ** and ***,
P<0.05, 0.01 and 0.001, respectively as determined one-tail Student’s t test in samples from
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10 Control and 11 PGF mice.
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