A Longitudinal Study of Epigenetic Associations with Adolescent Brain and Cognitive

Development

Dawn Jensen

Under the Direction of Jingyu Liu, Ph.D.

A Dissertation Submitted in Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy

in the College of Arts and Sciences

Georgia State University

2024



ABSTRACT

Typical adolescent neurodevelopment is marked by decreases in grey matter (GM) vol-
ume, increases in fractional anisotropy (FA), a measure of white matter integrity, and im-
provement in cognitive performance. To understanding how epigenetic changes, methylation
(DNAm) in particular, may be involved in this phase of development, we used data from
a longitudinal cohort of normally developing adolescents, aged nine to fourteen. This data,
from three time points roughly one year apart, was used to first explore the relationships
between seven cytosine—phosphate—guanine (CpG) sites in genes highly expressed in brain
tissues (GRIN2D, GABRB3, KCNC1, SLC12A9, CHD5, STXBP5, and NFASC), seven net-
works of GM change, four networks of FA change, and scores from seven cognitive tests.
The demethylation of these CpGs as well as the rates of change in DNAm were significantly
related to improvements in total, crystalized, and fluid cognition scores, executive function,
episodic memory, and processing speed, as well as several networks of GM maturation. The
changes in DNAm over time were also significantly related to a brain network highlighting
FA maturation of inter-hemispheric connectivity. This same network was found to mediate
the relationship between decreases in DNAm of four of these genes and increases in over-
all cognitive performance. Next we explored how larger networks of correlated methylation
change across time were associated with cognition and brain development. A weighted corre-
lation network analysis was applied the dynamic DNAm changes across timepoints. Modules
from this analyses were used in multivariate analyses with GM, FA, and cognitive measures.
Modules that were significantly enriched for pathways that involved potassium channels,
neuronal systems, neuroexins, and neuroligins were conserved across time as well as signif-
icantly related to networks of GM maturation, increases in FA, and increased processing
speed. The synergistic interactions of these genes and gene pathways experiencing changes

in DNAm all play important roles in the excitatory and inhibitory balance, suggesting they



may be part of the epigenetic mechanisms of adolescent brain and cognitive maturation.
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CHAPTER 1

Introduction

While adolescence is well-understood to be a phase of human neurodevelopment character-
ized by reorganization of the brain leading to improved cognitive function [1], little is known
about the underlying mechanisms that may be driving these diverse and profound changes.
Animal and human research has pointed to epigenetics as one of the drivers for the types of
broad neuronal recon guration seen during brain development [2, 3, 4, 5]. Epigenetic regu-
lation of gene expression occurs through a variety of mechanisms that include modi cation
of histones, DNA methylation, and noncoding RNA regulation. These mechanisms modu-
late the accessibility of chromatin to transcriptional machinery, leading to altered expression
of gene loci [6, 7, 8]. Methylation of the DNA, the more well-studied of these epigenetic
processes, occurs when a methyl group attaches to a cytosine pyrimidine (CpG) ring, caus-
ing either an increase or decrease in gene expression, as well as alternative splicing during
transcription of genes [9]. This intricate orchestration of gene expression and regulation is
extremely plastic and sensitive to developmental cues [9].

Animal studies have shown that during adolescence, a period of neural maturation, there
are large scale epigenomic changes occurring [10]. While studies of normal development
are few, a cross-sectional study in adolescent rats demonstrated that epigenetic regulators
of specic genes, such as stress respondekssf10), cellular regulators, Sirtl), growth
factors (brain-derived neurotrophic factor), and glial-speci ¢ genes@fap), were expressed

di erentially, with greater overall expression in females than males and increased levels of



expression of these regulators found in the prefrontal cortex compared to the hippocampus
[11]. A longitudinal study in rats showed adolescence-related reductions in the expression
of dopamine receptors in cortical output neurons ranging from the prefrontal cortex to the
nucleus accumbens [10].

Human research in this eld until recently has been restricted to fetal brain development
[12] due to the prior need to directly analyze brain tissue [13]. Recent advancements in epige-
nomics have made it possible to study epigenetic mechanisms involved in brain and cognitive
development using peripheral tissue samples, such as DNA methylation (DNAmM) biomark-
ers found in blood or saliva [14, 15, 16]. DNAm biomarkers in saliva and blood have been
directly associated with DNAm in brain tissues [17, 18], as well as structural and functional
aspects of the brain [14, 15, 16, 17]. In particular, one study, using resected brain tissue as
well as saliva, blood, and buccal samples from 27 subjects, established the epigenome-wide
correlation between the tissues to be as high as 0.90, as well as individual CpG sites that
also had high correspondence across tissue-types [17]. This advance in the eld has made
investigating the epigenomic mechanisms at work during human adolescence possible. One
study published in 2019 found that roughly 15k CpGs showed signi cant changes in DNAmM
in blood pre- and post-adolescence when looking at a population across the span of 10-18
years of age [18]. DNAm in blood was also found to mediate the relationship between child-
hood adversity and symptoms of depression across adolescence in a study published in 2021
[19].

The neural development that occurs during human adolescence has been well-researched.



Magnetic resonance imaging (MRI) has been instrumental in our ability to directly observe
and quantify in-vivo the development of the human brain. Grey matter (GM) density and
volume, as measured by structural MRI (SMRI), is an indirect re ection of neurons, den-
dritic and synaptic processes, glia, and vasculature. One of the rst studies to explore the
developmental changes related to GM volume took place in 2004, when Gogtay et al [20]
analyzed the sMRI images of 13 healthy participants 4 - 21 years of age, every two years for
eight to ten years. This landmark longitudinal study documented decreases in GM volume
that were non-linear both within the regions of the brain as well as across time. An increase
in GM volume during the lead up to puberty is then followed by losses sustained throughout
adolescence, stabilizing in early adulthood. GM volume losses rst appear linearly in the
dorsal parietal cortices, such as the primary sensorimotor area, and the frontal and occip-
ital poles. This continues rostrally over the frontal cortex in a more quadratic and cubic
volumetric loss, with late adolescence showing GM loss progressing caudally and laterally
over the parietal and temporal lobes. The dorsolateral prefrontal cortex shows this same
maturation-related loss of volume in early adulthood, completing the back-to-front progres-
sion. In general, low-order regions are rst to mature and then the higher-order association
areas required to integrate them follow [20]. A larger scale study in 2017 by Tammes et al
[21] used four independent longitudinal samples that totaled 388 healthy subjects (ages 7-29)
scanned an average of three times over the course of the study. Across all four samples, GM
volume was observed to non-linearly decrease widespread across the brain, but with regional

variability, as age increased. These changes were consistent with the Gogtay et al [20] nd-



ings. Another 2017 longitudinal study of GM development of 433 5-19 year olds that were

scanned two to three times each [22] also con rmed the non-linear decrease of GM volume
as the brain matures, generally occurring in a back-to-front succession, with the last areas
to mature associated with attention, executive function, and motor coordination.

To get a more complete picture of the changes occurring in the brain, sSsMRI was also used
to quantify white matter (WM) volume, which gives an indirect measure of the amount of
myelinated axons extending out from the GM. In 1999, Giedd et al performed one of the rst
longitudinal studies that looked at WM development during adolescence. With 30 subjects,
4-22 years old, and three scans each roughly 2 years apart, they established that WM volume
increased linearly with age [23].

Di usion tensor imaging (DTI) allows a visualization of the diusion of water in the
brain, which combined with the microstructural properties of the myelination of WM that
causes anisotropic (directional, non-spherical) di usion, provides an indirect measure of the
integrity and amount of myelination as well as axonal organization. These measures include
fractional anisotropy (FA - the degree to which water is not freely di using), median di usion
(MD - the average amount of diusion present), radial di usivity (RD - a cross-sectional
measure of di usion) and axial di usivity (AD - the amount of longitudinal di usion) [24].

Myelination impacts conductivity of signals across the brain and thus plays a crucial
role in its function and development. An early cross-sectional DTI study in 2005 of 30
subjects 6-19 years old showed that FA increased with age in the prefrontal regions, the

internal capsule, the basal ganglia, the thalamic pathways, the ventral visual and the corpus



callosum [25]. A more extensive cross-sectional DTI study in 2010 included 114 subjects
between the ages of 8-28 years of age, roughly divided into equal thirds between childhood,
adolescence, and adulthood [26]. By comparing across age groups, this study established that
adolescent group saw maturation (increased FA) of intrahemispheric connections (inferior
fronto-occipital fasciculus and the superior longitudinal fasciculus) and projection bers
(corticospinal tract and corona radiata) as well as longer-range connections such as the
tracts connecting the striatum and thalamus to the prefrontal regions [26]. Development
was also seen in the association ber tracts such as the uncinate fasciculus, mid-regions
of the corpus callosum, and the internal capsule, speci cally between the prefrontal cortex
and sub-cortical regions [26]. One of the rst longitudinal studies of WM maturation took
place in 2010 with 22 subjects, 16-20 years old, with 2 scans each, roughly 1 year apart
[27]. This study showed that not only did FA increase over time in the superior longitudinal
fasciculus, the superior corona radiata, the anterior thalamic radiations, and the posterior
limb of the internal capsule, but that the same areas experienced a decrease in MD, RD,
and AD over time [27]. The co-occurence of this increase in FA and decreases in MD,
RD, and AD is thought to re ect the increase in myelination, leading to a decrease in
perpendicular di usion, and thus lower average diusion, as well as an increased axonal
density and ber organization reducing the parallel di usion [27]. A longitudinal DTI study

in 2014 concentrated on the rate of change occurring within the WM development [28].
This study had 128 participants ages 8-29 years old, scanned 3 times each on average,

roughly 1 year apart. Investigating the rates of change highlighted a di erentiated pattern



of changes that follows the development trajectory of GM volume, namely that there is
early maturation of the sensorimotor function connections that is followed by frontocortical
and frontosubcortical projection tracts [28]. Corticolimbic association tracts and regional
termination zones in the cortical and basal ganglia regions also mature during adolescence in
a posterior to anterior progression of increased synaptic density and myelination (increased
FA, decreased MD, RD, AD) [28].

Brain structural changes during adolescence are accompanied by, or supporting, behav-
ioral and cognitive maturation. A 2006 study by Shaw et al, using roughly 100 subjects,
aged from 4 to 25 years, scanned 3 times roughly two years apart, established that the
degree of neural plasticity (increased GM volume pre-adolescence followed by vigorous cor-
tical thinning during adolescence) was strongly correlated with higher general intelligence
[29]. Studies in the development of white matter development showed that the increased
integrity in the frontostriatal tracts was related to increases in cognitive control [27], as well
as higher performance in complex attention tasks, working memory, and verbal uency [27,
30]. Taken together, the structural changes that are occurring during this phase manifest
themselves as the development of a more exible, e cient, and specialized brain [31]. These
ndings reinforce the previous research regarding cognitive development in adolescence, re-
ecting a broad spectrum of measurable behavioral changes that include improved attention,
increased inhibition and control, improved memory and metacognition, continued develop-
ment of cognitive self-regulation, increased speed of processing capacity, as well as more

nuanced calibration of risk and reward [1].



We believe that DNA methylation-dependent changes in gene expression play a role in
both brain development and cognitive maturation. Beyond the few longitudinal studies
mentioned above [18, 19], there is little existing research regarding epigenetic in uences on
normal cognitive and brain development during adolescence. To close this gap in the eld,
this study has leveraged the recent advances in DNAm analysis to model the interactions be-
tween DNAmM, GM volume and FA changes, as well as cognitive development during human
adolescence. To do this, we have used the Developmental Chronnecto-Genomics (Dev-CoG):
A Next Generation Framework for Quantifying Brain Dynamics and Related Genetic Factors
in Childhood, a longitudinal cohort of roughly 200 typically developing subjects aged 9-14.
This project collected brain imaging, cognitive assessments, DNA genetics and methylation
data over three time points, with roughly one year between each [32]. With this data, we
rst identi ed select CpGs sites located on genes expressed highly in the brain where DNAmM
changed signi cantly over that time. We then assessed the relationship between DNAm and
networks of GM volume change, FA increases, as well as improvement in cognitive perfor-
mance. To this end, we used repeated measures modeling and multi-level mediation analyses.
We also used a multivariate analysis of covariance to characterize the relationships between
the rates of change between DNAmM, GM volume changes, FA increases, and cognition. To
explore the methylomic associations of DNAmM changes with the networks of brain matu-
ration and cognition, we performed a weighted correlation network analysis to capture the
correlated network of change occurring across time and used a multivariate analysis of co-

variance to quantify the relationships between these correlated networks of DNAmM change



and GM volume, FA increases and cognitive improvement. Based on the current understand-
ing of neural development and cognitive improvement during adolescence, we expect to see
changes in DNAmM in genes that play a role in neural processes that would be involved in
the global changes seen in both GM volume and FA, as well as improved cognitive function

in adolescents.



CHAPTER 2

Cohort Description

All data were collected as part of the Dev-CoG study [32] and shared through an agreement
with the project leaders. Subjects were recruited by the Mind Research Network (MRN)
and the University of Nebraska Medical Center (UNMC). Approval from the relevant in-
stitutional review board at each data collection site (Advarrra IRB { MRN and UNMC
IRB { Nebraska) and data sharing across study sites was written into the consent forms
and the study protocols [32]. Images, saliva samples, and cognitive tests were collected
from approximately 200 male and female subjects between the ages of 9-14 over three time
points, roughly a year between each collection. The inclusion criteria for the study were:
English speaking, age 9{14 years at enrollment and both child and parent were able and
willing to assent/consent to the study. The exclusion criteria for the study were: current
pregnancy, unable to consent/assent, history of developmental delays or disorders (or an
individual education plan indicative of a developmental delay/disorder), history of epilepsy
or other neurological disorders, parental history of major psychiatric or neurological disor-
ders, self-reported prenatal exposure to alcohol or drugs, medication use, contraindication to
MRI (MRI screening form was reviewed), or metal orthodontia (e.g. braces or spacers) [32].
The mean age at enrollment was 11.3 years old (range 9-14). Due to participant dropout
during longitudinal data collection, our respective analyses have di erent sample sizes. This
guided, in part, the decision to use linear mixed-e ects models for the repeated measures

analysis, which deals well with missing data [33]Table 2.1 has more detailed demographic



information.

Table 2.1. General Demographic Information

| Demographics | MRN (101) UNMC (102)
Mean age at enrollment (range) 11.3 (9-14) 11.2 (9-14)

Gender (M/F) 51M/50F 51M/51F

Race (Caucasian/BIPOC) 86/15 87/15

Ethnicity (% Hispanic) 41.6% 7.8%

Mean WASI-II IQ (Range) 108.6 (72-139) 112.1 (68-148)
Mean SES (Range) 42.6 (17-66)  48.2 (15-65)
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CHAPTER 3

Longitudinal Changes in Methylation

3.1 DNAm Preprocessing

The preprocessing largely followed the ENIGMA epigenetics protocol, with DNAmM from
saliva assessed for each subject using the Illlumina HumanMethylation850 (850k) microarray.
This measures CpG methylation across 850,000 probes covering CpG islands, shores, and
shelves, 5'UTR, 3'UTR and bodies of RefSeq genes, promoters, and enhancer regions [34].
Standardized quality control procedures and quantile normalization was performed using
the min Bioconductor package in R (version 3.6.2) [35]. Red and green channel intensities
were mapped to the methylated and unmethylated status, samples were checked against
the mean intensity to identify low quality. Beta values, calculated for each CpG, for each
subject, re ect the degree of methylation using a range of zero, meaning no methylation, to
one, meaning completely methylated. To identify outliers, a principal component analysis
(PCA) was performed on the beta values. Any sample with values more than three standard
deviations away from the median on any of the rst four components was removed, as were
samples where the genetically determined sex di ered from self-report. 20 duplicate DNA
samples were included in each batch and checked to ensure measurement reliability. Samples
processed in di erent batches were merged at this stage. Strati ed quantile normalization
was then applied across samples, using the min PreprocessQuantile function. The cell
proportions for each DNAmM sample were calculated by implementing the estimateCellCounts

function in min, using our modi ed reference panel of ve types of blood cells (B cells,



CD8T and CDAT cells, NK-LGL cells, monocytes, and granulocytes) and epithelial cells
(GSE46573) [35]. The proportion of total blood cells and epithelial cells was strongly in
alignment with EpiDISH [36] estimated immune cells and epithelial cells (correlation >0.98).
The cell type e ect was regressed out from all the samples to account for the change of cell
proportion over time. Batch e ects then were corrected using the R package Combat, which
assumes normalized data and equalizes the mean from all batches, making negative values

possible [37].

3.2 Selection of CpGs of Interest

After preprocessing, approximately 750K CpG sites were retained. We kept only CpG sites
with a standard deviation of 0.1 or higher at the rst time point to ensure that methyla-
tion variability across subjects exceeded measurement variability [38]. Then, paired t-tests
between time points were used to further Iter the CpGs to only those showing signi cant
changes in methylation. After FDR correction, 54 CpG sites during deltaT1 (time point 2
(TP2) - time point 1 (TP1)) and 465 CpGs during deltaT2 (time point 3 (TP3) - TP2) showed
signi cant change in DNAmM. 50 of these CpGs were in common between all three timepoints.
Gene location of CpGs was identi ed using the In nium MethylationEPIC Manifest le [39].
Seven of these CpGs were found to be located on genes highly expressed in the brain based
on Human Protein Atlas [40]. Refer toFigure 3.1A for a diagram of the Itering process.
The selected seven CpGs are ¢g01008253_C12A9), cg23841819 NFASC), cg01483824

(GRIN2D), cg15205435CHD5), cg14859324GABRB3), cg26703758KCNC1), and
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