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Aim: Early life exposure to lead (Pb) has been shown to increase late life biomarkers involved in Alzheimer’s
disease (AD) pathology. Here, we tested the hypothesis that latent over expression of AD-related genes
may be regulated through histone activation pathways. Methods: Chromatin immunoprecipitation se-
quencing was used to map the histone activation mark (H3K9Ac) to the mouse genome in developmen-
tally Pb exposed mice on postnatal days 20, 270 and 700. Results: Exposure to Pb resulted in a global
downregulation of H3K9Ac across the lifespan; except in genes associated with the Alzheimer pathway.
Discussion: Early life exposure to Pb results in an epigenetic drift in H3K9Ac consistent with latent global
gene repression. Alzheimer-related genes do not follow this trend.
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Environmental exposures have long been postulated to play a pivotal role in both promoting, as well as preventing
disease. Numerous studies identify positive habits such as a healthy diet rich in polyphenols, regular exercise, caloric
restriction and others as safeguarding against most cancers, metabolic syndrome and neurological disease [1,2].
Conversely, exposures from toxins and toxicants have been adversely associated with disease states. The critical
window for exposure in adult diseases occurs during early development, including both perinatal and postnatal
exposures. Evidence for an increased risk of disease states has been referred to as the developmental basis of disease,
and has been tied to many adverse states including metabolic syndrome and neurological diseases [3–5]. Specifically
in Alzheimer’s disease (AD), where the vast majorities of cases are latent with no clear etiology, the environment is
thought to play a major role [6]. One proposed mechanism by which the environment may alter the expression of
genes and predispose to AD is via epigenetic pathways [6,7].

The developing brain is particularly susceptible to environmental exposures, as well as epigenetic modification [8].
Due to the properties of cells in the brain, such as low turnover of neurons, modifications that occur in the brain
have the ability to stabilize and remain for a lifetime [9]. Epigenetic mechanisms refer to change in our genome that
affect gene expression without altering the underlying DNA sequence [10]. Of these, the most commonly studied
are DNA methylation and histone modifications. DNA methylation involves the addition of methyl groups to the
cytosine residues of DNA. Recruitment of methyl groups to CpG islands of genes is usually involved in silencing
of that particular region of the genome [11–13]. In the cell, DNA is organized around histone proteins, and histone
tails can be modified by a number of post-translational modifications that will either repress or enhance gene
expression [14]. Both DNA methylation and histone modifications work by recruiting other chromatin binding
proteins to alter the structure of chromatin and recruit either activating or repressive elements [15,16]. Specifically,
histone acetylation is involved in active gene expression, and is associated with loose binding of the histone proteins
to the DNA, which in turn allows inclusion of transcriptional machinery [15,16].
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Our lab has extensively shown that early life exposure to lead (Pb) can have significant impacts on behavior in
mice, and that this exposure is also associated with an increase in biomarkers involved in Alzheimer’s pathology [17,18].
Specifically, we have reported statistically significant increases in protein and mRNA levels of the APP and MAPT in
those animals exposed to Pb [18,19]. These mice were also shown to have behavioral deficits at 18 and 24 months
of age as measured by both the Morris water maze and Y-maze [17]. Recently, this same cohort was found to have
alterations of proteins involved in modifying epigenetic marks such as DNA methyltransferases, as well as significant
changes in epigenetic marks themselves [20].

Lifespan studies in mice also revealed changes in genome-wide gene expression and DNA methylation later
in old age following developmental exposure to Pb. Methylation and gene expression profiles were overlaid and
analyzed in animals at postnatal day (PND) 20 and 700 following Pb exposure. The results indicated a global drift
of a repression profile of genes in old age, with a small subset of genes being overexpressed including AD-related
genes [21,22]. Overall, reprogramming of gene expression influenced the genes related to immune and inflammatory
functions, compromising the body’s defense system to combat stressors in late age [9].

In this study, we have used a novel approach to examine H3K9Ac binding across the genome. We chose
this acetylation mark because it has been widely shown to upregulate gene expression, and to be representative
of methylation marks (H3K4me3 and H3K4me2) that also are indicative of active gene expression [23,24]. We
performed chromatin immunoprecipitation sequencing analysis across the lifespan in animals previously exposed
to Pb as infants and compared them with their age matched controls. Tissue samples from three time points, PND
20, 270 and 700, were profiled for H3K9Ac binding. The underlying hypothesis of our approach was to explore
whether the small subset of latently overexpressed genes, due to early life exposure to Pb, were increased via histone
activation pathways.

Materials & methods
Animal exposure
C57BL/6; wild type mice were bred in-house in the Animal Care Facility at the University of Rhode Island (URI)
according to previously published protocols [20,25,26]. PND 1 was designated as 24 h after birth. Male pups from
different dams were pooled and placed randomly to different dams (10 mice/dam). The mice were divided into
two groups, the control group received regular tap water, and the second group (PbE, developmental exposure) was
exposed to 0.2% Pb acetate from PND 1 to PND 20 through the drinking water of the dam. Brains were dissected
at the following ages: PND 20, 270 and 700 were used in this study. These animals are from the subset of the same
cohort that has been already characterized for Alzheimer’s pathology and behavioral deficits [17]. Experiments were
performed in accordance with the standard guidelines and protocol approved by the URI Institutional Animal Care
and Use Committee with supervision of the university’s veterinarian.

Tissue fractionation & shearing optimization
Chromatin isolation was performed using the reagents from the ChIP IT Express Kit (Cat # 53008, 53032 Active
Motif, CA, USA) with modifications for working with tissue samples. All solutions were prepared according to the
manufactures instructions. 100 mg of cerebellar tissue was pooled from mice (n = 5) and was homogenized in 4 ml
of phosphate buffer saline (using a dounce homogenizer). The cerebellum was used due to its dense and abundant
neuronal populations that would yield sufficient material for these experiments. Samples were fixed with 37%
formaldehyde for 15 min at room temperature, following which fixation was halted using a glycine stop solution.
Samples were lysed with ice cold lysis buffer, and the isolated nuclei were resuspended in shearing buffer.

Samples were sonicated using a Branson-sonifier 150 (CT, USA) while keeping the setting at level 2. Samples
were sonicated four-times at 20 and 40 s intervals while on ice. A 50 μl aliquot of the supernatant was set aside for
DNA cleanup and concentration measurement, and the rest aliquoted for future chromatin immunoprecipitation
(ChIP) reactions. The DNA cleanup was performed per the manufactures instructions, Samples were run on a 2%
agarose gel at 100 V for 45 min. The gel was visualized using the Amersham Typhoon Imager Scanner FLA 9000
(GE Life Sciences, NJ, USA) with the optimal fragment size between 200 and 500 bp.

Chromatin immunoprecipitation & validation
ChIP reactions were set up in 100 μl volumes as described in the ChIP IT Express Kit (Active Motif ) with minor
modifications, and 5 μg of ChIP grade H3K9Ac (Cat #39137 Active Motif ) was incubated with 30 μg of sheared
chromatin, and samples were incubated overnight on a rotating platform, at 4◦C. The rest of the protocol was
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Figure 1. Distribution of histone peak regions within the genome. (A) Displays the data in pie chart format,
indicating the percentage of peaks obtained from the chromatin immunoprecipitation sequencing experiment in
different genomic regions. (B) When examining 2000 base pairs in either direction of aggregated TSS, acetylation
peak intensity tends to cluster around the TSS and promoter region.
TSS: Transcription start site.
For color figures please see online at: www.futuremedicine.com/doi/10.2217/epi-2017-0143
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Figure 2. Overlapping H3K9Ac peak regions across the lifespan. Figures display both overlapping and unique peaks
among control and Pb exposed animals. (A) Control PND 20 versus Pb PND 20. (B) Control PND 20 versus Pb exposed
PND 270. (C) Control PND 20 versus Pb exposed PND 700. (D) Pb exposed PND 20 versus Pb exposed PND 270. (E) Pb
exposed PND 20 versus Pb exposed PND 700.
Pb: Lead; PND: Postnatal day.

followed without any further modification. DNA purification was performed using the Agencourt R© Ampure XP
DNA Purification beads (Cat #A63880 Beckman Coulter, CA, USA). DNA was eluted using nuclease free water
and quantified using the Nanodrop UV/VIS Spectrophotometer (Thermo Scientific, DE, USA). RT-PCR was
performed using commercially available positive and negative control primers. A positive primer for the promoter
region of GAPDH was utilized (Cat # 71018 Active Motif ), the negative control primers used were for a gene
desert on chromosome 6 (Cat # 71011, Active Motif ) and gene desert on chromosome 17 (Cat # 71012, Active
Motif ). RT-PCR was performed in 20 μl reaction volumes, utilizing 10 ng of DNA, 10 μl SYBR green PCR master
mix (Applied Biosystems, CA, USA) and 4 μl of the active motif primer. RT-PCR was performed using the ViiA7
Real-Time PCR System (Applied Biosystems) under the following conditions: 50◦C for 2 min followed by 95◦C
for 10 min, then 40 cycles of 95◦C for 15 s and 60◦C for 1 min. Normalization of the data was performed using the
ChIPed DNA of each sample against the inputs for each sample for both the positive and negative control primers
using the 2-��CT method.

Library preparation, quality check & run conditions
The next generation sequencing library was prepared using the Ovation Ultralow System VS2 1–16 (Cat# 0344
NuGEN, CA, USA). The samples were prepared at the Brown University Sequencing Facility, according to the
manufactures protocols. Briefly, 25 ng of ChIPed DNA was end repaired, and adapters were added to each sample
and ligated to distinguish samples from one another on the flow cell. Following ligation, the samples were purified
and amplified by 10 cycles of PCR and subsequently quantified using the Qubit dsDNA BR Assay Kit (Cat #
Q32850 Life Technologies, CA, USA).
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Figure 3. Differential histone acetylation. Scatterplots display raw number of acetylation sites between the samples. The red basal line
indicates where the values are equal between samples. (A) PND 20 control against PND 20 Pb exposed animals. (B) PND 20 control against
PND 270 Pb exposed animals. (C) PND 20 control against PND 700 Pb exposed animals. (D) PND 20 Pb exposed against PND 270 Pb exposed
animals. (E) PND 20 Pb exposed against PND 700 Pb exposed animals.
Pb: Lead; PND: Postnatal day.
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Figure 4. Line plot of common peak intensities with >twofold difference. (A) Blue lines represent PND 20 control peak intensity values
and red lines represent PND 700 Pb exposed peak intensity values. (B) Blue lines represent PND 20 Pb exposed peak intensity values and
red lines represent PND 700 Pb exposed peak intensity.
Pb: Lead; PND: Postnatal day.

Fragment analysis was performed using the High Sensitivity NGS Fragment Analysis Kit (Cat# DNF-474
Advanced Analytical Technologies, IA, USA) using 2 μl of library input at a concentration of 4–6 ng/μl following
the manufactures instructions. For each library 1:1000, 1:5000 and 1:10000 dilutions were made using the Kapa
Library Quantification Kit (Cat #KK4873 Illumina, CA, USA), each dilution was run in triplicate on ViiA7
Real-Time PCR System (Applied Biosystems). Reaction volume of 20 μl were run under the following conditions:
95◦C for 5 min, then 35 cycles of 95◦C for 20 s, 60◦C for 45 s. Samples were excluded from analysis if the standard
deviation from the median was >0.1 Ct units. The total amount of library was determined for each library dilution
using six know amplification standards with an amplification product size of 462 bp. The median concentration of
the library was calculated using all three dilutions.

Samples were pooled and submitted for sequencing at 20 nM concentration to the Bauer Sequencing Facility
at Harvard University. The samples were processed using the Illumina Hiseq 2500 system in rapid run mode
producing 50 bp single-end reads (Illumina, CA, USA). One sample was run on two lanes of a flow cell according
to standard protocol performed at the Bauer center.

Bioinformatics analysis
The raw data from chromatin immunoprecipitation sequencing was analyzed in-house at the URI by the Rhode
Island IDeA Network for Excellence in Biomedical Research (INBRE) Bioinformatics and Rutgers Cores. Peak
annotation was performed using the Homer program with gene ontology and genome ontology options [27].
Merged peak files were made in Homer and used for differential analysis with twofold difference and p-value
< 0.01. Visualizations were made with EaSeq [28] or in R using the ChIP-seeker package [29].

Sequencing reads were aligned with mm10 mouse genome using Bowtie2 (v. 2.2.3) with default parameters and
the ‘very-sensitive’ flag [30]. Alignments with a mapping quality (MAPQ) less than 10 were removed. Peaks were
identified using MACS2 (v. 2.1.1.20160309) [31]. In one comparison, at each time point, the control was compared
with treatment using ‘-g mm –bw 1000’ as settings. In another comparison, each sample was analyzed for peaks
individually using ‘-g mm –bw 1000’. For two of the samples (AE3 and AE5), MACS2 warned about its fragment
length model, so these samples were processed with ‘nomodel –extsize 400’.
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Figure 5. Line plot of Ko5010 pathway genes with >twofold difference. The turquoise points represent peak signal values of Pb
exposed animals at PND 20, whereas the red points represent Pb exposed animals at PND 700.
Pb: Lead; PND: Postnatal day.

Brain Pb concentration
Elemental profiling via inductively coupled plasma mass spectrometry (ICP–MS) was performed for Pb in cortical
brain tissue. Samples were prepared by concentrated HNO3 and diluted in Milli-Q water to a final concentration
of 2% HNO3. ICP–MS was performed using a ICAP-Q (Thermo-Fisher Scientific, MA, USA). The samples were
introduced with a segmented flow technique (1.0 ml/min; 14 s for each sample) through a Meinhard nebulizer
and a chilled spray chamber. No flow injection valve was used; the autosampler was simply programmed to stay in
the sampling position for the specified time. The argon plasma conditions were: forward power 1350 W; reflected
power <5 W; nebulizer gas flow rate 0.9, intermediate and outer gas flow rates 0.8 and 13.0 l/min, respectively.
The instrument was calibrated using 2% HNO3 solution containing Pb at 100, 200 and 300 parts per billion.

Results
The Pb exposure model used in all these studies did not result in nutritional disturbances, or any overt changes in
brain structure or anatomy in wild-type mice [17]. The estimated Pb concentration by ICP–MS at PND 20 in mice
brain developmentally exposed to Pb was 1.26 μg/g of wet weight and in unexposed mice, an average of 0.13 μg/g
of wet weight was measured in unexposed mice. On PND 700, the mean Pb concentration was 0.07 μg/g in
unexposed mice, and 0.21 μg/g Pb in exposed ones.

Histone peak distribution
Our acetylation peaks tended to cluster within 3000 bp in either direction of the transcription start site of the
promoter region of genes, with approximately 13% of our peaks found within the promoters of most genes (Figure 1).
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Pie graphs were generated for overlapping genomic regions with peaks between the samples (Figure 2). Regions
with histone acetylation peaks were relatively unchanged between the control and developmentally exposed animals
at PND 20 (Figure 2A). The vast majority of peaks among the day 20 time-points were overlapping. Surprisingly,
Pb exposed PND 270 time points had the greatest difference in peak distribution when compared with the early
PND 20 time points. The control day 20 (Figure 2B) and Pb day 20 (Figure 2D) against Pb day 270 had a major
shift in acetylation peaks, with almost 75% of the regions presenting as unique and not overlapping between the
samples. At last, Pb exposed PND 700 had approximately 50% nonoverlapping regions with both control PND
20 (Figure 2C) and Pb exposed PND 20 (Figure 2E). These results magnify the differences between the midlife
(270) and late life (700) exposed animals across time points, against both day 20 samples (Pb exposed and control).
They also highlight the minimal changes between PND 20 time points regardless of exposure.

Drift in histone acetylation peaks
Differential scatter plots were created across the lifespan for control and Pb exposed animals (Figure 3). A relatively
equal pattern was observed for PND 20 controls and PND 20 Pb exposed animals, indicating there is little or no
difference in peak size between the two samples. However, when examining control PND 20 versus Pb exposed
PND 270 (Figure 3B) and Pb exposed PND 700 (Figure 3C), displayed a downward shift indicating a greater peak
size for the control PND 20 animals against both samples. Similar results were found when examining PND 20 Pb
exposed animals against both PND 270 (Figure 3D) and PND 700 (Figure 3E) Pb exposed animals.

Histone acetylation peak intensity levels
H3K9Ac peak signal levels were plotted for intensity for about 2000 genes (Figure 4). Peak intensity was much
higher in control animals at PND 20 compared with developmentally exposed animals at PND 700 (Figure 4A),
as well as Pb exposed animals at PND 20 compared with Pb exposed animals at PND 700 (Figure 4B). All but
a few peaks reflected lower values for PND 700, which was consistent with global hypoacetylation of these brain
samples. Furthermore, peak intensity values were plotted for a subset of genes from the ko0510 pathway, defined
by the Kyoto Encyclopedia of Genes and Genomes database as genes involved in the pathogenesis of AD (Figure 5).
In these results, we report PND 20 Pb exposed animals with higher peak intensity values compared with PND
700 Pb exposed animals. These specific genes were not globally hyperacetylated in late life exhibiting a different
and minimally altered acetylation profile. All genes with >twofold difference between samples have been provided
in the Supplementary Data.

Discussion
ChIP sequencing is a powerful tool used to identify binding sites of transcription factors or histone marks to DNA
regions. It is also the preferred method when working with larger genomes such as the human or mouse genome [32].
The design and sequence run of this experiment was specifically chosen based on the number of reads required
to detect significant changes in histone marks in the genome. The Encyclopedia of DNA Elements (ENCODE)
consortia has identified the appropriate number of reads for mapping histone marks at a threshold greater than
10 million reads per sample [33]. This experiment yielded between 17 and 19 million reads per sample for H3K9Ac,
a mark well known for its role in activating gene expression.

The global finding in these studies is that H3K9Ac mark on the DNA is diminished over time following
developmental exposure to Pb. The scatter plots covering the entire genome also show a time-dependent epigenetic
drift in this mark (Figure 3) that is evident in early life and becomes more prominent at the end of life. This
is consistent with the decreases in total protein levels of H3K9Ac, reported by us [20]. Furthermore, this global
hypoacetylation and diminution of this mark on the genome is consistent with the global drift of gene repression
and hypermethylation outcomes previously reported by us [21,22].

These genomic and epigenomic reference maps suggest that the overall impact of early life exposure to Pb is
to repress genes in old age; however, select sets of genes appear to have altered expression not directly related to
DNA methylation, or histone acetylation, and may involve other epigenetic pathways. Among these genes are
those involved in AD pathogenesis for which we have extensively reported their latent induction in both mice and
primates [19,34–36].

Here, we utilized the ko0510 to identify changes in our AD-related genes in animals that were developmentally
exposed in late life, compared with PND 20. The Kyoto Encyclopedia of Genes and Genomes genomic database
links genes and genetic information to higher order functional categories, such as molecular function and disease
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pathology [37,38]. Specifically, the ko0510 pathway identified 162 genes that have been associated with AD pathology.
These genes are involved in amyloid precursor protein processing, Tau phosphorylation, as well as mitochondrial
and calcium dysfunction and endoplasmic reticulum stress. We expected that histone activation might play a role in
the latent expression of these genes previously reported by us [21,22]. However, the H3K9Ac histone activation map
(Figure 5) did not correspond to the latent activation response of these genes to developmental Pb exposure. Since
neither DNA methylation not histone activation seems to map to the latent expression of these AD-related genes,
we believe that miRNA or other epigenetic mechanisms may be playing a major role in regulating the expression
of App, tau and other genes in these wild-type mice [39].

We used the cerebellum, because it is packed with cells and thus would give a much better signal to noise ratio to
validate these findings using Q-PCR. We understand that in humans, the cerebellum is relatively spared in terms of
AD pathology, however, all the AD-related genes are expressed here and regulated in the same way. The objective
here was not to relate pathology to target effects but rather to show that the Pb can act on its target in the same
manner everywhere in the brain and that the epigenetic machinery can reprogram gene expression.

In conclusion, early life exposure to Pb results in a lifetime reprogramming of gene expression resulting in a global
repression profile that may be mediated via both histone modification and DNA methylation pathways. Alzheimer
related genes do not appear to undergo such reprogramming and their latent overexpression maybe mediated by
alternate epigenetic pathways.

Summary points

• Most Alzheimer’s disease (AD) cases have no clear genetic etiology; it is believed environmental exposure may
substantially increase AD risk, specifically via epigenetic mechanisms.

• We have previously shown in both mice and primates that developmental exposure to lead (Pb) increases
biomarkers involved in AD pathology in late life.

• In this manuscript, we test the hypothesis that latent over expression of AD-related genes may be regulated
through histone activation pathways.

• Chromatin immunoprecipitation sequencing was utilized to map the histone activation mark (H3K9Ac) to the
mouse genome in developmentally Pb exposed mice on postnatal days 20, 270 and 700.

• Our global findings suggest that early exposure to Pb is associated with a decrease in H3K9Ac over time,
consistent with the latent global gene repression in late life.

• Utilizing the ko0510 pathway, we examined 162 genes which have been associated with various aspects of AD
pathology, including amyloid and tau pathology, neuroinflammation, as well as mitochondrial, calcium
dysfunction and endoplasmic reticulum stress.

• Alzheimer related genes do not appear to be upregulated by a reprogramming of H3K9Ac, and are likely to be
mediated by different epigenetic pathways such as miRNA regulation.

• These data suggest the global impact of early life exposure is to suppress genes in old age; this does not include
genes involved in amyloid or tau pathology.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: 〈0:break 〉〈/0:break〉https://www.fu

turemedicine.com/doi/suppl/10.2217/epi-2017-0143
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