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Abstract

Background: Maternal exposure to environmental chemicals can cause adverse health effectsin
offspring. Mounting evidence supports that these effects are influenced, at least in part, by epigenetic
modifications.

Objective: We examined tissue- and sex-specific changesin DNA methylation (DNAmM) associated with
human-relevant lead (Pb) and di(2-ethylhexyl) phthalate (DEHP) exposure during perinatal development
in cerebral cortex, blood, and liver.

M ethods: Female mice were exposed to human relevant doses of either Pb (32ppm) viadrinking water or
DEHP (5 mg/kg-day) via chow for two weeks prior to mating through offspring weaning. Whole genome
bisulfite sequencing (WGBS) was utilized to examine DNAm changes in offspring cortex, blood, and
liver at 5 months of age. Metilene and methyl Sig were used to identify differentially methylated regions
(DMRs). Annotatr and Chipenrich were used for genomic annotations and geneset enrichment tests of
DMRs, respectively.

Results: The cortex contained the mgjority of DMRs associated with Pb (69%) and DEHP (58%)
exposure. The cortex also contained the greatest degree of overlap in DMR signatures between sexes (n =
17 and 14 DMRs with Pb and DEHP exposure, respectively) and exposure types (n = 79 and 47 DMRsin
males and femal es, respectively). In all tissues, detected DMRs were preferentially found at genomic
regions associated with gene expression regulation (e.g., CpG islands and shores, 5° UTRS, promoters,
and exons). An analysis of GO terms associated with DMR-containing genes identified imprinted genes
to be impacted by both Pb and DEHP exposure. Of these, Ghas and Grb10 contained DMRs across
tissues, sexes, and exposures. DMRs were enriched in the imprinting control regions (ICRs) of Gnas and
Grb10, with 15 and 17 ICR-located DMRs across cortex, blood, and liver in each gene, respectively. The
ICRs were also the location of DMRs replicated across target and surrogate tissues, suggesting epigenetic
changes these regions may be potentially viable biomarkers.

Conclusions: We observed Ph- and DEHP-specific DNAmM changes in cortex, blood, and liver, and the
greatest degree of overlap in DMR signatures was seen between exposures followed by sex and tissue
type. DNAm at imprinted control regions was atered by both Pb and DEHP, highlighting the
susceptibility of genomic imprinting to these exposures during the perinatal window of development.

Introduction

The health impacts of toxicant exposures during early life, such aslead (Pb) and phthalates (e.g., di(2-
ethylhexyl) phthalate, DEHP) can be framed within the Developmental Origins of Health and Disease
(DOHaD) hypothesis." This hypothesis postul ates that exposures during sensitive periods of development
alter an organism’s normal developmental programming, triggering a myriad of effects on growth and
maturation that can persist into adulthood. Devel opmental exposures can impact gene expression long-
term by altering the epigenome, which can have significant repercussions for health and disease.
Epigenetics refers to mitotically heritable and potentially reversible mechanisms modulating gene
expression that are independent of the DNA sequence,® with the most abundantly studied mechanism
being DNA methylation (DNAmM). DNAm entails the addition of a methyl group to the fifth position of
cytosine base adjacent to a guanine (CpG, in the mgjority of cases), generating what are commonly
referred to as methylated cytosines (5mC), by DNA methyltransferases (DNMTs).* Increased levels of
5mC within promoters and enhancers are typically associated with decreased transcription factor binding
and subsequent decreases in gene expression.” Patterns of 5mC undergo waves of reprogramming (i.€.,
global demethylation and remethylation) during critical windows of in utero development, making these
periods susceptible targets of developmental exposures.®

Tight epigenetic regulation of imprinted genesis critical for early growth and development.”® Imprinted
genes are expressed in amono-allelic fashion, determined in a parent-of-origin manner. For instance, a
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79  paternally expressed gene will contain an active paternal alele and an inactive (e.g., methylated and thus
80  imprinted) maternal alele. The DNAm patterns of imprinted genes expressed at specific devel opmental
81  stagesareimportant during growth and early development.®'° Once DNAm patterns have been

82  established for these genes, often within imprinting control regions (ICRs) in gametes, they are

83  maintained through fertilization and extensive epigenetic reprogramming events."*** The specificity

84  required to maintain patterns of genomic imprinting and re-establish DNAm in a parent-of-origin manner
85  following waves of global demethylation make gestational periods particularly sensitive to environmental
86  exposures. Environmentally-induced disruption of epigenetic processes during early devel opment have
87  been associated with changes in imprinted gene regulation and adverse health outcomes.*>**

88 A variety of environmental exposures, including Pb and DEHP, have been associated with atered patterns
89  of DNAmin humans and mice.">*° Pb is a known neurotoxicant, with developmental exposures linked to
90 neurological damage and cognition deficitsin early life, aswell aswith increased risk of degenerative
91 neurological disease later in life.> Although blood lead levels (BLLS) within the U.S. population have
92  falendramaticaly, nearly 94% between 1976-1980 and 2015-2016, there is still concern regarding
93  chronic low-levels of Pb exposure.!” Thisis especialy true for early life exposures, as the developing
94  brain and other organ systems are particularly susceptible to the toxic effects of Pb."® Common sources of
95  Pb exposure continue to be contaminated drinking water from leaded pipes as well as dust and chipping
96  paint in older homes."? Exposure to DEHP, a phthalate commonly used as a plasticizer, has become
97  ubiquitous, with most U.S. adults having detectable levels of DEHP metabolites in their urine.” DEHP is
98  aknown endocrine disruptor, with developmental exposures associated with atered metabolic
99  function.®* Common routes of DEHP exposure include personal care products, food and beverage
100  containers, and medical equipment, making gestational and devel opmental exposures common.? Despite
101  great progress over the years, gaps in knowledge remain as to whether perinatal Pb or DEHP exposure-
102  mediated changesin DNAm have implications for long-term disease risk, whether there are sex-specific
103  effects, and if these changes are conserved among tissues.

104  Asapart of the Toxicant Exposures and Responses by Genomic and Epigenomic Regulators of

105  Transcription (TaRGET I1) Consortium,* we utilized amouse model of human-relevant perinatal Pb and
106  DEHP exposures to investigate genome-wide tissue- and sex-specific associations with changesin

107 DNAm. Whole genome bisulfite sequencing (WGBS) quantified DNAmM changes in blood (an easily
108  accessible and therefore considered a* surrogate” tissue) as well as cortex and liver (two tissues often
109  difficult to access, representing “target” tissues) collected from male and female 5-month-old mice, with
110  and without perinatal Pb or DEHP exposures. We assessed whether perinatal Pb- or DEHP-exposed mice
111  displayed changesin DNAmM across the genome and identified imprinted genes as arelevant gene class
112 common to these two exposures. We additionally tested whether DNAm patterns in the surrogate tissue
113  (blood) correlated with those seen in target tissues, to determine if blood provides a viable signature for
114  Pb- or DEHP-induced epigenetic changes in these two tissues, and how these patterns differed between
115 malesand females.

116 M ethods
117  Animal exposure paradigm and tissue collection

118  Wild-type non-agouti a/a mice were obtained from an over 230-generation colony of viable yellow agouti
119  (A%) mice, which are genetically invariant and 93% identical to the C57BL/6J strain.? Virgin a/a females
120  (6-8 weeks old) were randomly assigned to control, Pb-acetate water, or DEHP-chow two weeks prior to
121 mating with virgin a/a males (7-9 weeks old). Pb- and DEHP-exposure were conducted ad libitumvia
122 didtilled drinking water mixed with Ph-acetate or 7% corn oil chow mixed with DEHP. The Pb-acetate
123 concentration was set as 32ppm to model human relevant perinatal exposure, where we have previously
124  measured murine maternal BLLs around 16-60 ug/dL (mean: 32.1 ug/dL).?® DEHP was dissolved in corn
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125  oil from Envigo to create a customized stock solution, to produce 7% corn oil chow for experimentation.
126  The DEHP exposure level was selected based on atarget maternal dose of 5 mg/kg-day and assumes that
127  apregnant and nursing female mice weighs approximately 25 g and ingests roughly 5 g of chow per day.
128  Thistarget dose was selected as previous literature demonstrates obesity-related phenotypesin offspring
129  exposed to 5 mg/kg-day DEHP during early devel opment,>*’ and this dosage falls within the range of
130  exposures previously documented in humans.?® All animals were maintained on a phytoestrogen-free

131  modified AIN-93 G diet (Td.95092, 7% corn oil diet, Envigo) while housed in polycarbonate-free cages.
132 Animal exposureto Pb or DEHP continued through gestation and lactation until weaning at post-natal day
133 21 (PND21) when pups were switched to either Pb-free drinking water or DEHP-free chow. Perinatal

134  exposure, thus, occurred in offspring throughout fetal development and the first three weeks after birth.
135  Offspring were maintained until 5 months of age. This study included n>5 malesand n > 5 females for
136  Pb-exposed, DEHP-exposed, and control groups, each containing 1 male and 1 female mouse per litter;
137  and afinal samples size of n = 108 once tissues (i.e., cortex, blood, and liver) were collected. All animals
138  and collected tissues were included in subsequent anal yses, with no exclusions necessary. Prior to

139  euthanasia, mice were fasted for 4 hours during the light cycle beginning in the morning, with euthanasia
140  andtissue collection occurring in the afternoon. Immediately following mouse euthanasia with CO,

141  asphyxiation, blood was collected through cardiac puncture, followed by dissection of the cortex and

142 liver, which were immediately flash frozen in liquid nitrogen and stored at -80°C. Animal collection was
143  standardized to between 1pm to 3pm and collection order was randomized daily. For each mouse, one
144  investigator (KN) administered the treatment and was therefore aware of the treatment group allocation.
145  All investigators completing subsequent molecular assays were blinded to treatment group, until

146  treatment group was analyzed during bioinformatic analyses. All mouse procedures were approved by the
147  University of Michigan Institutional Animal Care and Use Committee (IACUC), and animals were treated
148  humanely and with respect. All experiments were conducted according to experimental procedures

149  outlined by the NIEHS TaRGET Il Consortium.?* In drafting this manuscript, ARRIVE reporting

150  guidelines were used to ensure quality and transparency of reported work.?

151  DNA extraction and whole genome bisulfite sequencing

152  DNA extraction was performed using the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, Cat.

153  #80224). Additional details about the animal exposures, blood collection, and blood DNA extraction can
154  befound in previously published protocols.** Genomic DNA (gDNA) was used in the preparation of

155  WGBSIibraries at the University of Michigan Epigenomics Core. gDNA was quantified using the Qubit
156 BR dsDNA kit (Fisher, Cat. #Q32850), and quality assessed using Agilent’s Genomic DNA Tapestation
157  Kit (Agilent, Cat. #A63880). For each sample, 200 ng of gDNA was spiked with 0.5% of unmethylated
158 lambda DNA and sheared using a Covaris S220 (10% Duty Factor, 140W Peak Incident Power, 200

159  Cycle/Burst, 55s). A 2 ul aliquot of processed gDNA was taken to assess shearing using an Agilent High
160  Sensitivity D1000 Kit (Agilent, Cat. #G2991AA). Once shearing was assessed, the remaining gDNA was
161  concentrated using a Qiagen PCR Purification column and processed for end-repair and A-tailing.

162  Ligation of cytosine-methylated adapters was done overnight at 16°C. Following this, ligation products
163  werecleaned using AMPure XP Beads (Fisher, Cat. #NC9933872) before processing for bisulfite

164  conversion using the Zymo EZ DNA Methylation Kit (Zymo, Cat. #D5001), and by amplifying the

165  hisulfite converted products over 55 cycles of 95°C for 30 seconds followed by 55°C for 15 minutes,

166  according to the manufacturer’s guidelines. After cleanup of the bisulfite converted products, final

167 librarieswere amplified over 10 cycles by PCR using KAPA Uracil+ Ready Mix (Fisher, Cat.

168  #501965287) and NEB dual indexing primers. Final libraries were cleaned with AMPure XP beads,

169  concentration assessed using the Qubit BR dsDNA Kit and library size assessed on the Agilent High

170  Sensitivity D1000 Tapestation Kit. Prior to pooling, each library was quantified using KAPA Library
171  Quantification Kit (Fisher, Cat. #501965234). We constructed four different pools of 18 libraries and each
172 pool was sequenced on an Illumina NovaSeq6000 S4 200 cycle flow cell (PE-100) at the University of
173  Michigan Advanced Genomics Core. Unless otherwise stated, all enzymes used in library generation were
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174  purchased from New England Biolabs. Adapters with universally methylated cytosines were synthesized
175 by Integrated DNA Technologies (IDT).

176  Data processing, quality control, and differential DNA methylation analysis

177  FastQC* (v0.11.5) and MultiQC* (v1.8) were used to assess the quality of all sequenced samples.

178  Sequencing adapters and low-quality bases were removed by Trim Galore® (v0.4.5). After trimming,
179  reads shorter than 20 bp were removed from further analysis. Bismark® (v0.19.0) with Bowtie 2*°

180  (v2.3.4) as backend alignment software were used for read alignment and methylation calling with

181  Genome Reference Consortium Mouse Build 38 (mm10) as the reference genome. All alignments were
182  performed with O mismatches and multi-seed length of 20 bp. The bisulfite conversion rates were

183  calculated through the unmethylated lambda phage DNA spike-ins. Metilene® (v0.2.8) and R

184  Bioconductor package methylSig® (v1.4.0) were used to identify the differentially methylated regions
185 (DMRs) independently. CpG sites with less than 10 reads or more than 500 reads were excluded from
186 DMR detection. For methylSig, CpG sites that had reads covered in fewer than 4 sampleswithin a

187  treatment group were filtered out for DMR identification. Tiling windows were used with methylSig to
188 identify DMRs, with awindow size of 100 bp. For metilene, DMRs were identified de novo with at least
189 5 CpGsinasingle DMR. For both methods, an FDR cutoff of < 0.15 and a DNAm difference of >5%
190 wereapplied to select significant DMRs. All overlapping DMRs from methyl Sig and metilene were

191  confirmed to bein the same direction and merged for downstream analysis (Supplementary Table 1). A
192  minimum overlap cutoff of > 10bp was applied to identify overlapping DMRs between tissues, sexes, and
193  exposures, based on DMR coordinates, with no specification of methylation change direction considered
194  for the purposes of initial comparisons. The annotatr Bioconductor package® was used to annotate all
195  significant DMRs associated with genes and genomic locations, including CpG islands, CpG shores, CpG
196  shelves, promoters, exons, introns, 5 UTRs, 3' UTRs, enhancers, and regions 1-5kb upstream of

197  transcription start sites (TSSs). Random genomic regions were generated and annotated with annotatr for
198  each tissue using the mm10 reference genome. These random regions were used as background

199 information to show the distribution of the genomic annotation of the DMRsif distributed purely by

200 chance. An overview of the complete methodsisillustrated in Figure 1.

201 Geneset enrichment test

202 R Bioconductor package Chipenrich® (v2.16.0) was used to perform gene set enrichment testing of Gene
203  Ontology (GO) terms enriched with significant DMRs. Twelve analyses were performed stratified by
204  eachtissue and sex (i.e.,, male cortex, male blood, male liver, female cortex, female blood, and female
205  liver) across each exposure group (i.e., Pb, DEHP, and control). Gene assignments were determined with
206 thenearest_tsslocus definition in the chipenrich function to find all three categories of ontology (i.e.,
207  Biological Process (BP), Cellular Component (CC), and Molecular Function (MF)). An FDR cutoff of <
208  0.05 was applied for selecting significantly enriched GO terms. GO terms containing fewer than 15 genes
209  or more than 500 genes were removed from analysis.

210  Mouse imprinted genes and imprinted control regions

211 DMRswere compared to mouse imprinted genes and ICRs. We compiled areference list of imprinted
212 genesusing previously documented efforts** and obtained ICR coordinates from Wang et al.** The valr
213 R package™ (0.6.4) was used to identify overlapping regions between the DMRs and ICRs. A Binomial
214  test was used to assess whether the DMRs were significantly enriched in ICRs and an adjusted p-value <
215  0.05 cutoff was utilized for identifying significant results.

216 Results
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217  Differentially methylated regions among perinatally Pb- and DEHP-exposed tissues

218  Among Pb-exposed tissues, the majority of the DMRS were detected in the cortex (male (M) = 688,

219 female (F) = 746), followed by blood (M = 243, F = 292), and liver (M = 100, F = 36). A similar pattern
220  wasobserved in DEHP-exposed tissues, with the majority of DMRs detected in the cortex (M =587, F =
221  661), followed by blood (M =312, F = 477), and liver (M =90, F = 40) (Figure 2A). There was limited
222 overlap in DMRs between each tissue type, relative to the total number detected in each tissue and sex
223 (Figure 2B). For instance, Pb-exposed animals had only few DMRs appear in multiple tissues. Males had
224 3 common DMRs among all three tissues, with 5 DMRs each overlapping between cortex and blood,

225 between cortex and liver, and between liver and blood. Females had 7 common DM Rs between cortex
226  and blood, 3 between cortex and liver, and 1 between liver and blood, with no DMRs detected in all three
227  tissues. Similar patterns were presented in DEHP-exposed animals, wherein males had 1 DMR common
228 toall threetissues and 10 detected in cortex and blood, and no overlap among the remaining tissue pairs.
229  DEHP-exposed females had more overlapping DMRs compared to males, with 2 DMR common to all
230  tissues, 13 in both cortex and blood, 5 in cortex and liver, and 3in liver and blood (Figure 2B).

231

232  Relativeto thelow overlap in exposure associated DM Rs between tissues, there was more DMR

233  similarity between the sexes when stratified by tissue (Figur e 2C), with the exception of the liver. In Pb-
234  exposed animals, 17 and 10 DMRs were common to both males and femalesin the cortex and blood,

235  respectively. Similarly, in DEHP-exposed animals, 14 and 11 DMRs were found in both males and

236  femalesin the cortex and blood, respectively (Figure 2C). Overal, the greatest degree of DMR overlap
237  wasfound between exposure types. Pb- and DEHP-exposed cortex has the greatest degree of overlap,
238  with 79 and 47 DMRs detected under both exposure conditions in males and femal es, respectively

239  (Figure 2D). 29 and 28 DMRs appeared in both exposure conditions in male and female blood,

240  respectively, whereas Pb- and DEHP-exposed liver shared 2 DMRsin each sex (Figure 2D).

241

242  Patternsin the direction of DNA methylation changes (DNA hyper or hypomethylation) were tissue, sex,
243  and exposure specific (Figure 2E). Among Pb- and DEHP-exposed cortex, the majority of DMRs

244  detected in males and females were hypomethylated, with slightly greater rates of hypomethylation seen
245 in males (Pb male = 80%, Pb female = 52%, DEHP male = 60%, DEHP femae = 58%). DMRsin Pb-
246  exposed female blood, as well as DEHP-exposed male and female blood, tended to be hypermethylated
247  (Pbfemale = 71%, DEHP male = 63%, DEHP female = 64%). In contrast, among Pb-exposed male

248  blood, 56% of DMRs were hypomethylated. Patterns of directionality were more distinct between

249  exposuretypesin theliver. Pb-exposed male liver presented a high proportion of hypermethylated DMRs
250  (66%), whereas Pb-exposed female liver has dlightly more hypomethylated DMRs (56%). DMR direction
251  wasroughly evenly split in DEHP-exposed liver, with 50% and 53% of DMRs hypermethylated in males
252  and females, respectively (Figure 2E). Supplementary Table 1 provides asummary of al DMRs

253  detected in thisanalysis.

254

255  Prevalence of detected DMRS in mouse genomic regions

256  The DMRsdetected in this study occurred in specific genomic regions to a greater degree than would

257  have been expected by arandom distribution generated for comparison, given known patterns of CpG
258  ditesin the mouse genome (mm10). According to Figure 3 and Supplementary Table 2, detected DMRs
259  mapped to CpG islands to a greater degree than would have been expected by chance (3.37-19.07% of all
260 DMRs across sex, tissues, and exposures, compared to 0.12-0.29% at random). In blood and cortex across
261  both sexes and exposures, more DMRs were detected in 5 UTRSs than predicted 4.03-8.79%, compared to
262  0.18-0.4% under arandom distribution), and a similar pattern was observed in liver of Phb-exposed males
263  andfemales (2.02-2.91%) as well as DEHP-exposed females (4.8%, compared to 0.29% under arandom
264  distribution). Severa transcriptional regulatory regions demonstrated significant derivation from what
265  would be expected by chance as well. DMRs were present in promoter regions 2.83-6.61 times more than
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would have been predicted by chance across all conditions (7.3-14.41%, compared to 1.74-2.58% at
random). Exons were another notable |ocation of DMRs, with 1.76-4.99 times more DMRs than what
would have been seen under arandom distribution (6.74-18.65%, compared to 3.37-3.84% at random).
Conversely, there were fewer DMRs detected in the open sea (11.02-21.13% in blood, 18.40-44.94% in
liver, and 19.91-25.87% in cortex) than would be expected by chance (54.56-58.09%) (Figure 3,
Supplementary Table 2).

Gene Ontology terms associated with differentially methylated region-containing genes

DMRs were annotated using annotatr R Bioconductor package, and a summary of the overlap in DMR-
containing genes across sexes, tissues, and exposures can be found in Supplementary Figure 1.
Chipenrich was used to perform geneset enrichment tests and Gene Ontology (GO) Resource was used to
identify DMR-related GO terms. The number of DM R-containing genes associated with each GO result
from both Pb- and DEHP-exposed samples are summarized in Supplementary Table 3.

Within Pb-exposed tissues, cortex had the greatest number of Gene Ontology Biological Pathway
(GOBP)-related DMR-containing genes in both males (85) and females (94). DM R-associated GOBPsin
female cortex were dominated by metabolic processes (35 out of 94 genes), whereas male cortex
contained an abundance of DM R-containing genes related to gene expression regulation (e.g., DNA
methylation or demethylation and miRNA gene silencing) (16 out of 85). The most common biological
process associated with Pb exposure was genomic imprinting (GO:0071514), which appeared in male
cortex, blood, and liver, aswell asfemale cortex. In total, DMRs were detected in 21 genes associated
with genomic imprinting in these tissues (Figur e 4).

In DEHP-exposed samples, a greater number of DM R-containing genes were associated with various GO
terms compared to Pb-exposed, especially the female cortex, which contained 179 genes associated with
various GOBPs, most notably those associated with development (e.g., organ devel opment,
differentiation, and morphogenesis) (148 of 179). Male cortex contained far fewer GO term-associated
DMRs compared to females (66 compared to 179), and there was an abundance of genes associated with
gene expression regulation (10) and cellular organization (20). Aswith Pb-exposed tissues, the only GO
term common to more than one tissue-sex combination among DEHP samples was genomic imprinting,
which was associated with DMRs in 9 genes across male blood and cortex (Figure5).

DNA methylation changes at imprinted | oci

The appearance of imprinted genes in both exposure models during pathway analysis (Figures 4 and 5)
was motivation to take a closer look at the effects of Pb and DEHP exposure on imprinted genes. All
tissue types, across both sexes and exposures had detectable changes in DNAmM within imprinted genes
(Supplementary Figures 2-5). A reference list of imprinted genes used in this analysis can be found in
Supplemental Table 4, and genesthat did not contain aDMR in any tissue were omitted from the final
figure. Cortex had the greatest number of DMRs as well as the greatest magnitude of methylation changes
in assessed imprinted genes. 73 Pb-associated DMRs were detected in cortex at imprinted genes (46 in
males and 27 in females with magnitude changes of 5.03-23.77%) and 67 were detected in DEHP-
exposed cortex (37 in males and 30 in femal es with magnitude changes of 5.2-24.9%). 36 Pb-associated
DMRs were detected in blood at imprinted genes (16 in males and 20 in femal es with magnitude changes
of 5.04-20.1%) and 55 were detected in DEHP-exposed blood (32 in males and 23 in females with
magnitude changes of 5.4-28.4%). Liver contained fewer changesin DNAmM at imprinted genes,

compared to blood and cortex, for each sex-exposure combination, with 10 DMRsin Pb-exposed liver (9
in males and 1 in females with magnitude changes of 6.8-19.4%) and 11 DMRs in DEHP-exposed liver (3
in males and 8 in females with magnitude changes of 8.8-16.3%). Blood from Pb-exposed females largely
contained hypermethylated sites at imprinted genes (15/20 DMRS), while cortex from the same animals
was largely hypomethylated in the same gene class (20/27 DMRs). A similar pattern was seen in DEHP-
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316  maletissues, with the bulk of detectable changes found in the blood and cortex, with the former being
317  largely hypermethylated (29/32 DMRs in blood) and the latter hypomethylated 23/37 DMRs in cortex)
318 (Supplementary Table5).

319  Twoimprinted genes, Gnas and Grb10, contained a notable number of exposure associated DMRs. A
320 complete overview of these DMRsis summarized in Figure 6 and Supplementary Table 6. Among Pb-
321  exposed samples, 60% and 75% of DMRs in the Gnas locus were hypomethylated in males and females,
322  respectively. In Pb-exposed blood, DMRs within the Gnas locus were entirely hypermethylated in

323 females (1/1) and hypomethylated in males (3/3). In Pb-exposed liver, Ghas DMRs were hypermethylated
324  (2/2). Among Pb-exposed cortex, DMRs within the Grb10 locus were largely hypermethylated in males
325  (66%) and hypomethylated in females (66%). A similar pattern presented in Pb-exposed blood, wherein
326 theentirety of Grb10 DMRsin maleswere hypermethylated (2/2), whereas those in females were

327  hypomethylated (1/1). Maeliver contained only hypermethylated sites (2/2) within the Grb10 locus.
328

329 DEHP exposure was associated with more hypomethylation at the Gnas locus in male cortex (80%) than
330 infemaes(50%). In blood, DEHP exposure associated with more hypomethylation in females (75%) but
331 DMRsassociated with this exposure in male blood were entirely hypermethylated (3/3). Regarding

332  Grbl0, 2/3 DMRsidentified in male cortex were hypomethylated whereas 2/2 identified in male blood
333  were hypermethylated. One hypermethylated DMR was detected in Grb10 in DEHP-exposed female
334 liver.

335

336  Exposure-associated changesin imprinting control regions

337  Imprinted genes are regulated in part through imprinting control regions (ICRs), which are elements

338  whose methylation is set up in the germline and that regulate gene expression and subsequent functions of
339  imprinted gene clusters.*® Changesin the DNAm status of these regions can impact the expression of
340  imprinted and non-imprinted genes within a given cluster, thus magnifying the regul atory effects of what
341  would otherwise be a single-gene effect.®” Gnas contains two ICRs, the Gnas ICR and the Nespas ICR,
342  while Grb10 contains one ICR.**® The current analysis identified multiple DMRs within the ICRs of
343  both Gnas (7 in ICR Gnasand 8 in ICR Nespas) and Grb10 (17 in the Grb10 ICR) across exposure and
344  tissuetypes (Figure7). A binomial test was conducted to assess whether exposure-associated DMRs
345  occurred in these ICRs to a greater degree than would have been expected by random change. Both the
346  Gnasand Grb10 ICRs contained more DMRs than would have been expected by chance in multiple sex-
347  exposure-tissue combinations. A summary of these findings can be found in Supplementary Table 6.
348

349  Pb exposure was associated with relatively limited changesin DNAm in Gnas ICRs when compared to
350 Grb10. Inthe Nespas ICR, Pb exposure was associated with hypermethylation in female cortex (1/1

351 DMR) and amix of hyper- (1/2 DMRs) and hypomethylation (1/2 DMRS) in male cortex. In the Gnas
352 ICR, Pb exposure was associated only with hypermethylation in male liver (1/1 DMR) (Figure 7A and
353  Supplementary Table 7). In the Grb10 ICR, Pb exposure was associated again with an equal amount of
354  hyper- (3/6) and hypomethylated (3/6) DMRs, in both male and female cortex. Pb exposure was entirely
355  associated with hypermethylation in both male blood (2/2 DMRs) and liver (2/2 DMRs) but was

356  associated with hypomethylation in female blood (1/1 DMR) (Figure 7B and Supplementary Table 7).
357

358  There were comparatively more changesin DNAm in the Gnas ICRs associated with DEHP exposure. In
359  male cortex there was again amix of hyper- (1/2) and hypomethylated (1/2) DMRsin the Nespas ICR.
360  Unlike Pb exposure, DEHP was associated only with hypomethylated DMRs (2/2) in female cortex in the
361 NespasICR. In male blood there was 1 and 2 hypermethylated DEHP-associated DMRs within the

362  Nespasand Gnas ICRs, respectively. Female cortex and blood both contained a mix of hyper- (1/2) and
363  hypomethylated (1/2) DMRsin the Gnas ICR associated with DEHP exposure (Figure 7A and

364  Supplementary Table 8). Within the Grb10 ICR, DEHP exposure was associated with amix of hyper-
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365 (1/3) and hypomethylated (2/3) DMRsin male cortex, hypermethylated (2/2) DMRsin male blood, and 1
366  hypermethylated DMR in female liver (Figure 7B and Supplementary Table 8).

367

368 Discussion

369  Toxicant exposures that occur during critical periods of devel opment can have ramifications for health
370  and well-being throughout the life-course.*”® Perinatal Pb and DEHP exposures have been linked to
371  aberrant brain development and metabolic function, respectively, at environmentally relevant doses.
372  Withregard to epigenetic mechanisms governing gene expression, Pb and DEHP exposures have both
373  been associated with differential DNAm in human populations.*®** Concurrently, it is unknown if

374  toxicant-induced changes in difficult-to-access tissues, such as brain and liver, are reflected in more easily
375  accessible (surrogate) tissues, such as blood. It is therefore pertinent to examine how two prominent

376  developmental exposures, Pb and DEHP, affect gene regulation by DNAm in these target and surrogate
377  tissuesin order to assess whether DNAmM could be used as a potential biomarker of changesin more

378  difficult to accesstissues, asis being evaluated in the TaRGET |1 Consortium.?

46,47

379  Pband DEHP Exposures are Associated with Sex, Tissue, and Exposure-Specific General Changesin
380 DNA Methylation. Overall, Pb and DEHP exposures resulted in similar number of DMRs between the
381  sexesfor each of the three tissues assessed (Figure 2A). The cortex contained the greatest number of
382 DMRsfor each exposure, followed by blood and liver. Between the sexes, females had more DMRs

383  across both exposuresin cortex and blood, while males had more DMRs in the liver (Figure 2A). This
384  overal DNAm pattern is consistent with previous reports, which showed significant changesin DNAm in
385 femalebrain following gestational Pb exposure aswell asin male liver following DEHP exposure.®*!
386  Therewas minima overlap in DMRs between either cortex-blood (0.5-1.2% of total DM Rs detected in
387 thesetissues) or liver-blood (0.25-1.5% of total DMRs detected in these tissues) (Figure 2B). The largest
388  degreein DMR similarity between target-surrogate tissues was in DEHP-exposed female cortex and

389 Dblood (13 similar DMRs, 1.16% of all DMRs in those tissues), followed by DEHP-exposed mal e cortex
390 andblood (10 similar DMRs, 1.12% of all DMRs in those tissues). These findings suggest limited genera
391  overlapin DNAm changes across surrogate and target tissues when stratified by sex and exposure.

392

393  When the similarity of DMR signatures between the sexes was assessed for Pb and DEHP exposures, the
394  greatest number of shared DMRs was seen in the cortex, followed by blood, with no common DMRsin
395  theliver (Figure 2C). The number of DMRsin common between the sexes did not exceed 2% of the total
396 DMRsdetected in any tissue-exposure combination. These findings highlight the need to evaluate sex-
397  specific effects in toxicoepigenetic studies.®** A greater degree of DMR similarity was seen between
398  exposure types, with 1-7% of total DMRs appearing in both Pb and DEHP-exposed tissues, depending on
399 thesex andtissue (Figure 2D). Genera trendsin DMR directionality were not conserved across tissue
400 types, adding complexity to comparisons of changes in DNAm patterns between target and surrogate
401  tissues(Figure 2E). As expected, many DMRs were located in CpG islands, areas of dynamic DNAm-
402  directed gene expression regulation.> Gene promoters and exons also contained more DMRs than would
403  have been predicted by chance (Figure 3).

404

405  Exposure-Associated DMRs Occur to a Notable Degree in Imprinted Genes. An analysis of GO terms
406  associated with DMR-containing genes identified genomic imprinting as a common category across most
407  tissuesin both sexes and exposure types (Figures 4 and 5). Imprinted genes are an important class with
408 regard to early growth and development, and their epigenetically-controlled mono-allelic parent of origin
409  nature of expression may confer particular susceptibility to the impacts of environmental exposures.®*°
410  Early disruption of imprinted gene expression and function can result in developmental disorders (e.g.,
411  pseudohypoparathyroidism type 1B and Silver-Russell syndrome, for which perturbations in gene

412  expression regulation of Gnas and Grb10, respectively, have been implicated.>”*® Additionally, changes
413 inthe DNAm status of several imprinted genes have been associated with chronic conditions such as
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414  diabetes, cardiovascular disease, and cancer.>®>" The DNAm and hydroxymethylation status of imprinted
415 genesis particularly susceptible to environmental exposures during early development, including Pb and
416  DEHP.*® Epidemiological studies have linked early life Pb exposure to altered methylation in imprinted
417  genesincluding insulin-like growth factor 2 (IGF2), which isinvolved in some cases of Beckwith-

418  Wiedemann Syndrome and Silver-Russell Syndrome and maternally expressed gene 3 (MEG3), which is
419  implicated in Temple syndrome and Kagami-Ogata syndrome.).®>%

420

421 Imprinting Control Regions Contain Exposure- and Tissue-Specific Changesin DNA Methylation. ICRs
422  areenvironmentally sensitive regulatory regions, and changes to their DNAm status can have

423 consequences for acluster of imprinted genes.®” The ICRs of both Gnas and Grb10 contained numerous
424  Pb- and DEHP-associated DMRs, with Gnas ICR DMRs appearing largely in the cortex and to be more
425  prevaent with DEHP exposure, while the Grb10 ICR contained about twice as many Pb-associated

426  DMRsthan DEHP and with much more even distribution across the studied tissues.

427  The Grbl0 ICR contained DMRs across al three tissues examined, with a specific DMR replicated in Pb-
428  exposed male liver and blood. There was an additional DMR in common in DEHP-exposed male cortex
429  and blood, but they differed in directionality (cortex = hypomethylated, blood = hypermethylated). The
430  current study is one the few reports that examine the effects of environmental exposures on the Grb10
431 ICR, with aprevious report highlighting the effects on hydroxymethylation,* though many more exist
432  pertaining to changes throughout the gene.®®®® Much of the published work is restricted to germ cells, and
433  soadditional work is needed to assess whether Grb10 regulation and function are impacted by the

434  environment in the soma.

435  Differential Methylation of Gnas and Grb10 Occurred in Gene Expression Regulatory Regions. Gnas
436  encodes for the G-protein alpha-subunit protein, which contributes to signal transduction via cAMP

437  generation™, and itsimprinting dysregulation has been associated with increased insulin sensitivity,

438  neural tube defects, and hypothyroidism.”"? The imprinted expression of Gnas is complex, as this gene
439  givesriseto severa maternal- and paternal-specific gene products, and these patterns of expression are
440  highly tissue-specific in mice and humans.”" In this work, Gnas contained a mix of hyper- and

441  hypomethylated DMRs in the cortex, under both exposure conditions (Figur e 6), making the prediction
442 of the observed sustained DNAm effects at 5 months difficult to ascertain. However, given the

443  importance of maintained imprinted expression of thislocus and its various gene productsin the brain,
444  continued evaluation of the effects of exposure-induced changesin DNAm at this locus would help

445  elucidate the functiona impacts on gene product expression and subsequent physiological effects.

446  Changesin DNAm within Gnas were much more uniform in blood and liver, where biallelic expression is
447  considered to be the normin adult mice.” Distinct differencesin Gnas DMR direction appeared between
448  thesexesinthisstudy (Figure 6). In Pb-exposed blood, Ghas DMRs were entirely hypomethylated in
449  males and hypermethylated in females. Within DEHP-exposed blood, Gnas DMRs were entirely

450  hypermethylated in males and amix of hyper- and hypomethylated in females (Figure 6). As thiswork
451  found hypomethylation in Gnas promoters of DEHP-exposed female cortex and blood, it would be

452  pertinent to expand this work to additional tissues such as the thyroid to ascertain whether this

453  relationship is consistent in an organ known to be significantly impacted by devel opmental changesin
454  Gnas DNAm status.

455  Grb10 encodes for an insulin receptor-binding protein involved in growth and insulin response and is
456  imprinted in atissue- and cell-type specific manner.”®”’ This is especially true during development, as
457  changesin Grb10 expression across time are tissue-specific. For example, in the brain, Grb10 imprinting
458  statusis cell-type specific during development until adulthood.” There were several DMRs detected in
459  Grb10in DEHP-exposed male cortex, as well as Pb-exposed male and female cortex. Grb10 methylation
460  appears to be cell-type specific during early brain development, with paternal expression in cortical

461  neuronsand maternal expression in glial cells.”” While this study was unable to assess cell-type specific
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462  changesin DNAm within the cortex, future single-cell analyses could help determine whether exposure-
463  associated DMRs are specific to certain cellular populations. Grb10 expression also changes significantly
464  intheliver during development, as maternal expression is high during fetal development, but nearly all
465  Grbl0 expression issilenced in the liver in adulthood.”® Many of the DMRs seen in Grb10 in the liver
466  were hypermethylated, suggesting these exposures may not result in the reactivation of this genein

467  adulthood, but, aternatively, may reinforce its suppression through supplemental methylation. Whether
468 thistrend was present during early development, when imprinted expression is the norm and whether that
469  had any deleterious effects on liver devel opment, remains to be seen. Pb exposure, on the other hand, was
470  associated with hypomethylation of Grb10 in female blood, another tissue in which Grb10 is thought to
471  bematernally expressed during early development and completely repressed during adulthood,®® meaning
472  that exposure may be related to reactivation of this gene during an inappropriate time point. Future

473  evaluation of theimpact of Grb10 expression in blood during adulthood would contribute to our

474  understanding of the potential functional impact of this change in methylation. Grb10 isinitially

475  expressed from the maternal allele in somatic lineages and exclusively in neurons, switches to paternal -
476  specific expression from an aternate promoter.”’

477  Gnasand Grbl0 Provide Evidence of DNA Methylation Signatures in Target-Surrogate Tissue Pairs. The
478  ICRs of both Gnas and Grb10 displayed some changesin DNAm that were replicated in both target and
479  surrogate tissues, suggesting these regulatory regions may be of significance when attempting to identify
480 DNAm-related biomarkers of exposure (Figure 7). Among Pb-exposed samples, the Grb10 ICR

481  contained hypermethylated DMRs in male cortex, liver, and blood, suggesting that, for this exposure, the
482  Grb10 ICR may be apotential region to consider when exploring male-specific DNAm biomarkers of
483  exposure. Among DEHP-exposed samples, the Gnas ICR contained hyper- and hypomethylated DMRs
484  that were seen in female cortex and blood, while the Nespas ICR was the |ocation of hypermethyl ated
485 DMRsin mae cortex and blood. These findings suggest there may be ICR- and sex-specificity in terms
486  of DNAm biomarkers of DEHP exposure, and that they may be particularly applicable to the cortex and
487  blood. DEHP-associated hypermethylated DM Rs were also replicated in male cortex and blood within the
488  Grbl0 ICR, suggesting this regulatory region may be an additional candidate as a DNAmM biomarker for
489  DEHP exposure.

490 Limitations

491 DNAmM patterns vary across cell types within a given tissue.2*® This study was unable to account for cell
492  type and therefore, changesin DNAm as the result of Pb or DEHP exposure may be due to exposure-

493  induced changesin cell type proportions.®® Additionally, we were not able to evaluate changesin DNA
494  hydroxymethylation (5hmC) in these samples. This study was conducted using bisulfite conversion,

495  which accounts for both 5mC and 5hmC, and the resulting data is unabl e to differentiate between these
496  two signatures.*’. Imprinted genes are typically 50% methylated (accounting for mono-allelic expression
497  or repression), and this data represents DNAm averages for both alleles. Thus, any allele-specific changes
498 in DNAm associated with Pb or DEHP cannot be detected.

499 Conclusion

500 Thisstudy systematically evaluated changesin DNAmM for cortex, blood, and liver collected from mice at
501 5 months-of-age following developmental exposureto either Pb or DEHP. Pb- and DEHP-specific

502 DNAm changes were observed via DMRs, with the greatest DMR similarity seen between exposure

503  types, with less overlap between the sexes and tissues. Genomic i mprinting was impacted by Pb and

504  DEHP exposure, as determined by GO term analysis, and imprinted genes Gnas and Grb10 indicated
505 changesin DNAmMm at their respective ICRs. These results indicate that imprinted gene methylation can be
506  dysregulated by developmental environmental exposures such as Pb and DEHP and that ICRs may be
507  useful candidates when exploring DNAm-based biomarkers of environmental exposures.
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541

542  Figurel: Overview of experimental workflow. FO generation females (6-8 weeks of age) were exposed
543  toeither 32ppm of Pb viadrinking water or 5Smg/kg-day of DEHP via food, beginning two weeks prior to
544  mating using virgin males (8-10 weeks of age). Exposure to Pb or DEHP or control continued through
545  gestation and weaning, when F1 mice were removed from the dams and placed on control water or chow.
546 At 5 months of age, F1 mice were sacrificed, and genomic DNA was extracted from blood, liver, and
547  cortex tissues. DNA was used to prepare libraries for Whole Genome Bisulfite Sequencing (WGBS).

548  Followinginitial data processing, Differentially Methylated Regions (DMRs) were called using

549  MethylSig and metilene.

550 Figure2: Summary of detected Differentially M ethylated Regions. Differentially Methylated Regions
551 (DMRs) were categorized by tissue (blood, cortex, and liver), sex (F: female, M: male), and exposure
552 group (Pb, DEHP, and control) (2A), and DMRs found in more than one tissue type were further

553  categorized by sex and exposure (2B). DMRs shared by both sexes (2C) and by exposure group (2D)

554  were quantified and broken down by tissue type. Proportions of DMR directional changes were generally
555  summarized for each tissue-sex-exposure combination, designated by DNA hyper (more methylated) or
556  hypo (less methylated), in comparison to controls (2E).

557  Figure3: Genomicregion of detected Differentially M ethylated Regions. Differentially Methylated
558 Regions (DMRs) were mapped to the mouse reference genome (mm210) and their genomic region

559  annotated as percentage of total DMRs (comparing control and exposed samples) for that sex and

560  exposure within each tissue. This distribution was compared to what would be expected in arandom

561  distribution.

562

563 Figure4: GO-termsassociated with Differentially M ethylated Region-containing genes among Pb-
564  exposed tissues. Differentially Methylated Region-containing genes found in Phb-exposed tissues were
565  submitted for Gene Ontology (GO) term analysis across three categories: Biological Process (GOBP),
566  Cellular Component (GOCC), and Molecular Function (GOMF).

567

568 Figure5: GO-termsassociated with Differentially M ethylated Region-containing genes among

569 DEHP-exposed tissues. Differentially Methylated Region-containing genes found in DEHP-exposed
570  tissueswere submitted for Gene Ontology (GO) term analysis across three categories: Biological Process
571  (GOBP), Cellular Component (GOCC), and Molecular Function (GOMF).

572

573  Figure6: Genomic location and direction of Pb and DEHP-associated Differentially M ethylated
574  Regionsin the Gnasand Grb10 loci. Differentially Methylated Regions (DMRs) detected in the Gnas
575 and Grbl0 loci were classified as to their genomic location within each gene. Percent change in

576  methylation is denoted by size and direction of methylation change by color (blue = hypermethylated
577 DMRsamong DEHP samples, yellow = hypomethylation among DEHP samples, red = hypermethylation
578  among Pb samples, green = among hypomethylation among Pb samples).

579

580 Figure7: Differentially M ethylated Regions detected within Gnas and Grb10 Imprinting Control
581 Regions (ICRs) among Pb and DEHP exposed tissues. (A) Differentially Methylated Regions (DMRS)
582  overlap with Gnas. (B) DMRs overlap with Grb10. DMRs only represents the related genomic locations
583  corresponding to the genomic coordinates of ICRs. The genomic coordinates of these DMRs can be found
584  in Supplementary Table 4.

585
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