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ABSTRACT

Noncoding cis-regulatory elements (CREs) of our genome are hypothesized to be a heavy

contributor to evolved human phenotypes. However, the complex interplay of CRE functions

across genes remains elusive, particularly in regards to aging of the human brain. We have not

been able to attribute all evolutionary changes in the brain to coding mutations alone, so

regulatory elements are a prime candidate of investigation for causes of evolutionary changes. In

this study, datasets of two types of CREs were examined: those with high activity in the human

brain, and those that have experienced recent positive selection in the genome when compared to

non-human primates. In addition, known brain aging-related genes were analyzed against these

CREs in order to detect signs of CREs regulating these aging-related genes. If evolutionarily

selected CREs regulate aging genes, then these CREs and their methods of gene regulation may

be unique to humans. We identified AKT3, CDH13, CDKAL1, CSMD1, UNC5D, and WWOX

as genes regulated by selected and/or differentially expressed CREs. These genes are orthologous

in non-human primates, so while the genes have been selectively retained in all primates studied,

the regulation appears to be species specific. This provides insight into how our noncoding

regulatory elements, such as enhancers or promoters, are linked to uniquely human aging

processes. Because age is a major risk factor for neurodegenerative diseases, such as Alzheimer’s

disease, we also gain a better understanding of regulatory factors that could be contributing to

neurodegeneration.
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INTRODUCTION

While the neural phenotypes of humans and chimpanzees clearly differ, their genomes

are highly similar in sequence. Because they are so similar, it is likely that many of the more

dramatic phenotypic differences are caused by changes in gene expression rather than changes in

protein-coding regions. This was first hypothesized decades ago (King & Wilson, 1975), but

with the -increased availability of whole genome data across thousands of humans and numerous

chimps, it is now more possible than ever to analyze regulatory noncoding elements, such as

promoters and enhancers, and connect them to human-specific phenotypic changes. Not only are

regulatory regions a larger part of the genome than coding regions (Franchini & Pollard, 2017),

but noncoding regulatory regions tend to have more modulatory functions compared to coding

regions (Carroll, 2008). The ‘omnigenic model’ of genetics hypothesizes that most phenotypes

arise from the combination of thousands of gene regulatory networks, rather than a change in a

particular coding region (Boyle et al., 2017). Based on these ideas, it is likely that noncoding

regulatory regions have been a target of evolution and that changes in these regions have helped

drive unique human phenotype (Franchini & Pollard, 2017).

The lineages leading to humans and chimpanzees diverged approximately 7 million years

ago (Amster & Sella, 2016). Many obvious phenotypic differences now separate these two

species, but those related to neurological functions are most prominent, and thought to be driven

by neocortical expansion (Rilling, 2014). Brain expansion in humans, in addition to a higher

number of cortical neurons are correlated with higher cognitive abilities (Roth & Dicke, 2005).

https://www.zotero.org/google-docs/?5qES6K
https://www.zotero.org/google-docs/?who332
https://www.zotero.org/google-docs/?A8o9EV
https://www.zotero.org/google-docs/?Eg2vCr
https://www.zotero.org/google-docs/?Dzo8cy
https://www.zotero.org/google-docs/?7Lv5v3
https://www.zotero.org/google-docs/?vYBcH0
https://www.zotero.org/google-docs/?aWQ3gM
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Figure 1. Chimpanzee brain (left) and human brain (right) with possible genetic evolution

explanations (Franchini & Pollard, 2017).

A recent study in the Babbitt Lab compared the characteristics of cis-regulatory elements

(CREs) in both humans and chimpanzee genomes (Pizzollo et al., 2019). A CRE is a noncoding

sequence that regulates expression of a gene by binding to proteins that initiate and modulate

transcription, such as transcription factors (Hernandez-Garcia & Finer, 2014). In the study, two

types of sequences were focused on in both humans and chimps: highly conserved noncoding

regions that have high substitution rates throughout evolutionary history, and enhancer sequences

that are active in human brain development. This resulted in the determination of the number of

CREs experiencing positive selection, how many are differentially expressed in humans and

chimpanzees, and the overlap of CREs that have both of these characteristics (Pizzollo et al.,

2019). By investigating these two categories of sequences, we can better understand which

active, brain-related regulatory regions have been selected for throughout evolution. This thesis

project furthers this investigation with a focus on brain aging.

https://www.zotero.org/google-docs/?Dzo8cy
https://www.zotero.org/google-docs/?dybwnF
https://www.zotero.org/google-docs/?GcO0Je
https://www.zotero.org/google-docs/?Fp3QWH
https://www.zotero.org/google-docs/?Fp3QWH
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Aging is a major risk factor for neurodegenerative disorders, so studying genomic

components of aging also facilitates further understanding of neurodegenerative diseases.

However, investigating the role of regulatory non-coding sequences in aging and resulting

neurological disorders poses challenges. High-throughput genomic sequencing technology has

resulted in many recent revelations linking genetic variants to various cognitive diseases, such as

Alzheimer’s disease. However, another discovery from the genomic sequencing revolution is that

these disorders are genetically complex and cannot be traced to single mutations (Berto et al.,

2020; Schaub et al., 2012). Mimicking neurological diseases in model systems is also difficult

because of this (Berto et al., 2020). Genome-wide association studies (GWAS) show correlation

between neurological disorders and genes associated with cognitive function, inspiring a

hypothesis that these disorders could be an underlying consequence to human brain evolution

(Berto et al., 2020). In addition, the complex relationship between cis-regulatory elements and

hallmarks of human aging is not yet unraveled. While it is known that they are intertwined, we

do not yet have a detailed map of which CRE changes result in which neural-related, aging

phenotypes.

This thesis project builds off of this knowledge to investigate the cause-effect relationship

between aging-related genes and the CREs identified by the Babbitt lab. By doing this, we can

further understand the role of evolution of noncoding regions in human aging. In the following

review, which precedes the methods and results of the thesis, I will describe selected CREs,

differentially expressed CREs, and how the human genome and aging are related.

https://www.zotero.org/google-docs/?33EJvf
https://www.zotero.org/google-docs/?33EJvf
https://www.zotero.org/google-docs/?NpcD2K
https://www.zotero.org/google-docs/?r7iYfk
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LITERATURE REVIEW

Conserved and Selected Cis-Regulatory Elements

Multiple studies have characterized selected, human accelerated noncoding regions.

These regions are considered evolutionarily selected due to a couple of parameters. First,

noncoding sequences that are conserved among vertebrates across millions of years are focused

on because this implies that, generally, they are kept because they are functional (Pizzollo et al.,

2019). Second, these regions have high substitution rates in the human genome when compared

to the genomes of other primate species (Haygood et al., 2007; Lindblad-Toh et al., 2011).

Combined, these parameters help sift through vast amounts of non-coding sequences to find ones

that are most likely to be both functional and accelerated. Another perspective of this is to look

for areas of the genome that have experienced negative selection across vertebrates, then recent

positive selection when comparing the human genome with other primate species (Pollard,

Salama, King, et al., 2006). It is important to note that the results of the following

characterization studies may be slightly different due to different methods of statistical

parameters. When considered together, we can begin to construct a map of the human genome

and its regulatory elements.

An early study identified 202 elements, mostly noncoding, that were both conserved and

contained high human acceleration rates (Pollard, Salama, King, et al., 2006). In order to

discover this, researchers first recognized any increase in substitution rate, then used likelihood

ratio tests (LRTs) on these regions. LRTs for a genomic sequence require a molecular

evolutionary model of that sequence of interest, constructed using known data. Then, a ratio is

calculated of the likelihood of the model with acceleration against the model with no substitution

https://www.zotero.org/google-docs/?6zlP8a
https://www.zotero.org/google-docs/?6zlP8a
https://www.zotero.org/google-docs/?UfsNTV
https://www.zotero.org/google-docs/?VOSlL5
https://www.zotero.org/google-docs/?VOSlL5
https://www.zotero.org/google-docs/?Hja94u
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acceleration (Pollard, Salama, King, et al., 2006). Using this approach, they found 202

significant human accelerated regions (HARs), majority of which enriched outside coding genes

(66.3% intergenic regions, 31.7% intronic regions) and were in areas enriched with transcription

factors. The top five of the most significant HARs had significant bias for AT to GC substitutions

and overwhelmingly were in high recombination areas (Pollard, Salama, King, et al., 2006). The

most significant HAR, referred to as HAR1, was found to be part of a gene that is expressed in

Cajal-Retzius neurons in a critical period of neocortical development, migration and

differentiation (Pollard, Salama, Lambert, et al., 2006). One of the first major studies of

accelerated regions using comparative genomics, this study provided evidence to help confirm

King and Wilson’s 1975 hypothesis of noncoding evolution driving human phenotypes.

Another study in the same year also examined accelerated evolution of conserved

noncoding regions. 992 conserved noncoding sequences (CNSs) were identified by looking for

an excess of human specific mutations, with a p value < 0.005 (Prabhakar et al., 2006). Using

gene ontology annotations of other primates, the CNSs were significantly enriched near neuronal

cell adhesion genes and other structural neuron genes. When doing the same analysis using the

chimpanzee genome, a very similar neuronal cell adhesion enrichment pattern was observed, but

only 34 of the 1050 CNSs in chimpanzees overlapped with the human CNSs (Prabhakar et al.,

2006). When analyzing the mouse genome, enrichment near neuronal cell adhesion genes was

not found. This surprising discovery suggests that humans evolved their neuronal phenotypes

independently and that evolution of these CNSs were likely major contributors of unique human

brain development and function (Prabhakar et al., 2006).

A 2011 study, rather than focusing on only larger elements (>100 bp) like the previous

studies, also took into account smaller conserved elements using 29 mammal species for

https://www.zotero.org/google-docs/?oM67cT
https://www.zotero.org/google-docs/?uJfySx
https://www.zotero.org/google-docs/?Luni7I
https://www.zotero.org/google-docs/?ic28OA
https://www.zotero.org/google-docs/?fK8SNB
https://www.zotero.org/google-docs/?fK8SNB
https://www.zotero.org/google-docs/?sHDkCs
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comparison (Lindblad-Toh et al., 2011). Using a SiPhy measure of overall substitution rate

(Garber et al., 2009), they approximated 5.3-5.5% of the human genome to be under selection,

and significantly in noncoding areas. Only around 60% of these regions could be annotated with

known coding or regulatory roles (Lindblad-Toh et al., 2011). Much of the CREs showed overlap

with known disease-related genetic variants (Lindblad-Toh et al., 2011), marking one of the first

noncoding evolution studies that also investigated a role in disease.

In preparation for a study comparing both conserved/selected and differentially expressed

neural enhancers, researchers of the Babbitt lab (Pizzollo et al., 2019) used 1579 known

evolutionarily accelerated CREs (Lindblad-Toh et al., 2011; Pollard, Salama, King, et al., 2006;

Prabhakar et al., 2006) in their library. They performed their own positive selection test, which

calculated the rate of nucleotide substitution of the non-coding sequence (aligned between

human, chimpanzee, and a macaque outgroup) compared to a neutral substitution rate (Haygood

et al., 2007; Pizzollo et al., 2019). This resulted in their own characterization of 722 positively

selected CREs. All 1579 literature-identified CREs were then analyzed along with a set of

differentially expressed CREs (particularly enhancers) in order to gain insight into which CREs

have both experienced recent evolution and have high brain activity.

Differentially Expressed CREs and Their Relationship to Selected CREs

The higher cognition of humans is thought to be largely due to changes in gene

expression regulation rather than just changes in protein-coding genes. Cis-regulatory elements,

such as enhancers or promoters, are defined as the noncoding regions that trans-factors, such as

transcription factors, bind to. Enhancers typically regulate transcription in regions independent of

distance to the target gene (Pizzollo et al., 2019), which separates them from other classes of

https://www.zotero.org/google-docs/?jsPmbr
https://www.zotero.org/google-docs/?qYDejV
https://www.zotero.org/google-docs/?WdCDck
https://www.zotero.org/google-docs/?0WZC9B
https://www.zotero.org/google-docs/?rR6bAx
https://www.zotero.org/google-docs/?P4vrAw
https://www.zotero.org/google-docs/?P4vrAw
https://www.zotero.org/google-docs/?9rBWSo
https://www.zotero.org/google-docs/?9rBWSo
https://www.zotero.org/google-docs/?9PZLM8
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CREs. While transcription factors are vital for regulation, enhancers are largely responsible for

specifically where and when gene expression occurs (Long et al., 2016). When the local

chromatin state of enhancer sequences (or other CREs) is loosened or restricted, gene expression

rate can increase or decrease. These epigenetic modifications are critical during brain

development (Vermunt et al., 2014). Due to recent large-scale sequencing, CREs have been

relatively straightforward to find in our genome because they have specific footprints to look for,

such as occupying open chromatin (Vermunt & Creyghton, 2016). However, the web of CREs

and its role in what, where, and when gene activity occurs in our brain is extremely complex.

Untangling it will give insights into how our genomes lead to human brain function.

The recent project in the Babbitt lab (Pizzollo et al., 2019) studied human differentially

expressed (DE) CRE sequences with specific chromatin marks, against their chimpanzee

orthologs. These chromatin marks are H3K27ac and H3K4me2, previously annotated to be

associated with ChIP-seq-defined high activity in the human brain (Reilly et al., 2015; Vermunt

et al., 2014). Chromatin immunoprecipitation followed by sequencing (ChIP-seq) is generally the

standard for measuring regulatory region interactions and activity. Chromatin

immunoprecipitation (ChIP) identifies the DNA fragments that are attached to proteins of

interest, such as a transcription factor or acetylated histones, using an antibody and a specific cell

type (Jiang & Mortazavi, 2018). Because the proteins of interest will typically bind if chromatin

is open, results of ChIP give insight into which DNA regions are expressed in brain cells

(Pizzollo et al., 2019). After ChIP, sequencing is done in order to identify the genetic regions.

The Babbitt lab’s library of 695 CREs was narrowed down to 179 CREs that have

differential activity in the human brain compared to chimpanzee orthologs. This was done using

a lentivirus-based massively parallel reporter assay (lentiMPRA) in neurons and induced

https://www.zotero.org/google-docs/?49rM9g
https://www.zotero.org/google-docs/?m8gpwV
https://www.zotero.org/google-docs/?kcB0QY
https://www.zotero.org/google-docs/?Cp2xak
https://www.zotero.org/google-docs/?mpe7BJ
https://www.zotero.org/google-docs/?mpe7BJ
https://www.zotero.org/google-docs/?EPiRF6
https://www.zotero.org/google-docs/?QhPL5w
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pluripotent stem cell-derived neural progenitor cells (iPSC-derived NPCs). MPRA is a broad

method that can analyze a large amount of regulatory elements in just one assay and identify

their activity by seeing which elements activate transcription in the NPCs and neurons (Inoue et

al., 2017; Pizzollo et al., 2019). Then, using the gene expression software package limma,

differential expression was able to be compared against orthologous CREs, and the 179

differentially expressed CREs were identified (Pizzollo et al., 2019).

Of the 722 positive selection CREs and the 179 CREs with differential activity, only 34

overlapped. In addition, the features of these genomic regions differed. On average, selection

CREs had a higher amount of transcription factor gains, and differentially expressed (DE) CREs

had a more neutral balance of gains and losses. In addition, selection CREs were further from

genes and other enhancers than DE CREs, and they are generally shorter and have less GC

content. Despite being shorter, selection CREs also tended to be a part of large enhancer regions,

more so than differentially expressed CREs are (Pizzollo et al., 2019). Because the human brain

has such higher cognition when compared to other primates, some may expect selection CREs

and DE CREs to have a large overlap. This analysis tells us that the two sets actually have quite a

few different characteristics and therefore may function differently. It also suggests that

human-specific selected CRE evolution contains small, fine-tuned changes—however, it doesn’t

change large enhancer regions that have important and preserved ancestral functions. Because

neurally differentially expressed CREs did not appear to be as highly conserved, differentially

expressed CRE evolution may be less constrained and more recently evolved in history than

selected CREs (Pizzollo et al., 2019).

https://www.zotero.org/google-docs/?XIN7WA
https://www.zotero.org/google-docs/?XIN7WA
https://www.zotero.org/google-docs/?GRYzOa
https://www.zotero.org/google-docs/?26vhj5
https://www.zotero.org/google-docs/?96ZaRm
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Aging-Related Cognitive Decline and Neural Phenotypes

In humans, neural structural changes such as volume loss or neuronal loss correlate

tightly with cognitive decline that comes with aging. However, it is not a clear cut, causal

relationship. Sometimes, changes in gene expression occur before these structural changes, and

possibly underlie them or increase their chances of materializing (Ham & Lee, 2020). For this

reason, transcriptome analysis of gene expression and association of regulatory regions with

aging-related genes is critical. It can help us further understand causes of structural changes in

the brain, cognitive decline, and neurodegenerative diseases.

Executive function describes a set of higher-order cognitive processes that underlie brain

functions that we often take for granted: planning, working memory, focus, among others. A

decline in these processes comes with aging, and is associated with structural changes in the

brain cortices (Lacreuse et al., 2020). To some extent, executive function worsens with age in all

primate species. However, in humans it is still unclear what the nature of the relationship is

between executive function decline and cortical alterations during aging. These two changes are

also correlated with higher risk of neurodegenerative diseases, such as Alzheimer’s disease and

Parkinson’s disease, but the underlying genomic variables of this are also unknown (Lacreuse et

al., 2020). Could higher risk of neurodegenerative diseases be a genetic consequence of the

evolution of higher cognition in humans?

In chimpanzees, the closest relative of humans, executive function has been shown to

decline with age as it does in humans (Lacreuse et al., 2020; Manrique & Call, 2015). However,

studies of neural changes in chimpanzees are less conclusive. Multiple studies have found little

evidence for significant white or gray matter volume loss in chimpanzee brains, while in humans,

the relationship between aging and brain volume loss is much more linear (Autrey et al., 2014).

https://www.zotero.org/google-docs/?2JRf2h
https://www.zotero.org/google-docs/?EY8bgh
https://www.zotero.org/google-docs/?Tb6SDd
https://www.zotero.org/google-docs/?Tb6SDd
https://www.zotero.org/google-docs/?F2xdwp
https://www.zotero.org/google-docs/?KF64Yy
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While current research has proven that chimpanzees experience executive function decline with

aging, this decline cannot be as directly linked to structural neural changes as it is in humans.

These observations provide further evidence that the significant structural aging-related changes

in the human brain could be correlated with the genomic evolution.

The role of regulatory elements and gene expression in aging and neurodegenerative

diseases is complex. Many transcriptome studies focus on aging-related differential expression

patterns in different age groups and brain regions (Işıldak et al., 2020; Mori, 2020). Overall, gene

expression heterogeneity (or, shared expression patterns) seems to increase with age (Işıldak et

al., 2020). Evidence also shows that neurodegeneration can result from lowered transcription and

translation accuracy, particularly in the REST transcription factor and NRSF which are master

regulators in neural development (Mori, 2020).

In addition to characterizing DE and selected CREs, the Babbitt lab also connected the

CREs they identified to neural phenotypes (Pizzollo et al., 2019). Genome-wide association

studies (GWAS) of single nucleotide polymorphisms (SNPs) often are located in non-coding

genomic regions, and these SNPs are often in areas where transcription factors would normally

bind. The Babbitt lab found that annotated neuropsychiatric SNPs were enriched in their

differentially expressed CREs. These neuropsychiatric SNPs are associated with Alzheimer’s

disease, schizophrenia, depression, ADHD, autism, and bipolar disorder; these diseases all

involve cognitive alterations (Buniello et al., 2019). A GWAS locus? is defined as the genetic

region around the gene that shares at least one regulatory element and one SNP. Pizzollo et al.

(2019)  found that 69 of their CREs were associated with a GWAS SNP. The majority of these

were differentially expressed CREs rather than selected CREs. One aging-related locus of note

contains the FAT1 gene, CRE.2063, and an Alzheimer’s disease associated SNP rs75718659

https://www.zotero.org/google-docs/?yOrHOf
https://www.zotero.org/google-docs/?DHW6wl
https://www.zotero.org/google-docs/?DHW6wl
https://www.zotero.org/google-docs/?OE2XVo
https://www.zotero.org/google-docs/?kBfRfs
https://www.zotero.org/google-docs/?BADKro
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(Pizzollo et al., 2019). This discovery suggests that the differentially expressed CRE.2063 could

be associated with Alzheimer’s disease, which aging is a monumental risk factor for. Overall,

these findings show that mutated noncoding regions can have an impact on neural phenotype,

despite the enhancers being distal from the target genes. If CREs were impacted in human

evolution, then it is possible that gene expression was also impacted. This likely has an effect on

both neural structural changes that are hallmarks of aging, as well as likelihood of

neurodegenerative diseases.

Current State of the Field

Humans have many unique phenotypic features compared to other primates, including

neocortical expansion and higher cognitive abilities. While it is hypothesized that many of these

features have evolved due to changes in non-coding regulatory regions rather than protein-coding

regions, the exact role of regulatory regions remains unclear. Identifying the roles of

cis-regulatory elements has two primary components: how these elements evolved, and where

they act in human processes. These components can be investigated by (1) Analyzing human and

other primate genomes to see which CREs are both conserved across primates and have

undergone positive selection in recent history and (2) Using experimental techniques to see

which CREs have differential activity in neural cells. Linking the impact of CREs to their target

genes is difficult, due to enhancers acting from distal regions and often having many targets

(Pizzollo et al., 2019). However, successfully linking them through further data analysis has

many implications. If the functions of specific CRE regions are identified, then we will have a

more in depth understanding of what their causal roles are in neural phenotypes, aging, and

neurodegenerative disease risk. More broadly: we can understand genomically what makes us

https://www.zotero.org/google-docs/?jhUpHb
https://www.zotero.org/google-docs/?qpxfAw
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human, and why we develop aging related diseases. My thesis research will aim to answer the

following questions building off of work by the Babbitt lab (Pizzollo et al., 2019): Where do

aging-related genes lie in datasets of evolutionarily selected and differentially expressed

cis-regulatory elements? Do aging-related genes appear to be more selected in humans or more

differentially expressed, or both? Are CREs close or distal to these genes? What links do the

CREs have with genes linked to Alzheimer’s disease or other neurodegenerative diseases? Are

orthologous aging-related genes found in chimpanzees or other primates? By further analyzing

selected and DE CREs with these questions in mind, a further understanding can be developed of

how human-specific aging has evolved and how it is manifested in the human brain.

METHODS

Cis-Regulatory Element (CRE) Data

CRE data were collected from a previous project in the Babbitt lab that investigated both

selected and differentially expressed neural CREs (Pizzollo et al., 2019). Researchers began with

1579 known evolutionarily accelerated CREs (Haygood et al., 2007; Lindblad-Toh et al., 2011;

Pollard, Salama, King, et al., 2006; Prabhakar et al., 2006) conserved throughout vertebrate

evolution, then tested for the signature of  positive selection. This test calculated the rate of

nucleotide substitution of the noncoding sequence (aligned between human, chimpanzee, and a

macaque outgroup) compared to a neutral substitution rate. From this test, they characterized 722

positively selected CREs.

In addition, they also characterized a set of CREs that had high brain activity in humans.

Similarly to the selected CRE data, they began with 695 CREs that were previously annotated to

https://www.zotero.org/google-docs/?Ag7I1i
https://www.zotero.org/google-docs/?tjLtUK
https://www.zotero.org/google-docs/?FJtC8e
https://www.zotero.org/google-docs/?FJtC8e
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be associated with ChIP-seq-defined high brain activity (Reilly et al., 2015; Vermunt et al.,

2014). A lentivirus-based massively parallel reporter assay (lentiMPRA) was then done using

neurons and iPSC-derived neural progenitor cells (NPCs) in order to characterize their own CRE

set with differential brain activity. The R package limma was then used to compare differential

expression data against orthologous CREs. 179 differentially expressed CREs were identified. 34

CREs overlapped between the positive selection dataset and the differential expression dataset.

An overview of this selection process can be seen in Figure 2.

Figure 2. Visual overview of the sources of both evolutionarily accelerated and brain-active

CREs. Figure taken from Pizzollo et al., 2019. Accelerated CREs were identified by

computationally comparing substitution rates in conserved noncoding regions to neutral

surrounding regions. Brain CREs were identified by comparing human-specific ChIP-seq peaks

to ChIP-seq peaks in chimpanzees and macaques (Pizzollo et al., 2019).

Aging Genes

Aging genes were chosen through review of the literature and are represented below in Table 1.

https://www.zotero.org/google-docs/?qJa8xl
https://www.zotero.org/google-docs/?qJa8xl
https://www.zotero.org/google-docs/?1qegJI
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Table 1. Chosen aging genes and a description of their function and link to aging. Many aging

genes were found using GenAge Database (Tacutu et al., 2018).

Gene ID Aging Link

ADCY5 Inhibition of ADCY5 experimentally results in longer lifespan, with
suspected mechanism of oxidative stress protection (Vatner et al., 2015).

ADIPOQ Evidenced as a core frailty biomarker, particularly in cytoskeleton and
hormone function (Cardoso et al., 2018).

AKT1 Human longevity is shown to be associated with genetic variation, based on
GWAS analysis (Deelen et al., 2013).

AKT3 Human longevity is shown to be associated with genetic variation, based on
GWAS analysis (Deelen et al., 2013).

APOC1 Recent studies have directly tied APOC1 variants to memory impairment
and increased risk in k of Alzheimer’s disease (AD) (Kulminski et al.,
2022).

APOC3 APOC3 is shown to be tied to longevity via involvement in lipoprotein
metabolism (Atzmon et al., 2006).

APOE Locus is widely established as a contributor to longevity, with variants being
associated with increased AD risk (Benitez et al., 2013; Deelen et al., 2013;
Kulminski et al., 2022).

APP Amyloid precursor proteins (APP) are directly tied to AD and age-related
cognitive impairment (Burrinha et al., 2021).

ARHGAP1 As a regulator of CDC42, mutations result in shorter average lifespans (L.
Wang et al., 2007).

ATR Involved in DNA repair as a checkpoint regulator, particularly regulation of
WRN and TP53; deletion leads to loss of stem cells and premature aging
related phenotypes (Ruzankina et al., 2007).

BCL2 Tied to longevity of dendritic cells; inhibition of BCL2 promotes longevity
(Fernández et al., 2018).

BUB3 With mitotic spindle checkpoint functions, BUB3 insufficiency is tied to
early aging and reduced lifespan (Baker et al., 2006, p. 3).

CDH13 Associated with prevention of age-related tissue loss (Yang et al., 2020), as
well as implicated in causation of age-related disorders (ARDs) based on
GWAS and additional pathway analysis.

https://www.zotero.org/google-docs/?hPhx5I
https://www.zotero.org/google-docs/?aCx4Nb
https://www.zotero.org/google-docs/?sOyhnr
https://www.zotero.org/google-docs/?s1JNfB
https://www.zotero.org/google-docs/?Oxu0C2
https://www.zotero.org/google-docs/?SPVBwO
https://www.zotero.org/google-docs/?SPVBwO
https://www.zotero.org/google-docs/?QUm0mj
https://www.zotero.org/google-docs/?sFI6uz
https://www.zotero.org/google-docs/?sFI6uz
https://www.zotero.org/google-docs/?XR2U3n
https://www.zotero.org/google-docs/?54WSfN
https://www.zotero.org/google-docs/?54WSfN
https://www.zotero.org/google-docs/?P1wdmD
https://www.zotero.org/google-docs/?PWt2av
https://www.zotero.org/google-docs/?xRiCzk
https://www.zotero.org/google-docs/?J5qh3x


19

CDK7 Maintains homeostasis of tissues; inactivation leads to premature aging,
reduced lifespan, and telomere shortening (Ganuza et al., 2012).

CDKN2A GWAS analysis reveals a thorough association with aging phenotypes and
lifespan length (Jeck et al., 2012).

CDKN2B GWAS analysis reveals a thorough association with aging phenotypes and
lifespan length (Jeck et al., 2012).

CDKAL1 Implicated in causation of ARDs based on GWAS and additional pathway
analysis (Srivastava et al., 2015).

CETP Associated with longer human lifespans and is linked to AD susceptibility
(Yu et al., 2012).

CSMD1 Associated with aging-related memory and cognitive functions through
synaptic plasticity (Athanasiu et al., 2017).

DGAT1 Codes for a lipid synthesis enzyme that is associated with longevity,
particularly longevity extension (Streeper et al., 2012).

EP300 Transcriptional coactivator which stimulates WRN, mutation of which
causes Werner syndrome, a disorder that causes premature aging phenotypes
(Blander et al., 2002).

ERCC1 Encodes an important DNA repair protein and is tied to aging of the immune
system; evidence shows that an aged immune system has a causal role in
systemic aging (Yousefzadeh et al., 2021).

ERCC2 Also primarily involved in DNA repair as well as transcription, studies have
shown that its protein affects human lifespan and longevity (Savina et al.,
2018).

ERCC8 Involved in transcription and in repair of damaged DNA; when mutated,
results in premature aging phenotype (Paccosi & Proietti-De-Santis, 2021).

FOXO1A GWAS studies show that SNPs of FOXO1A are linked to longevity (Li et
al., 2009).

FOXO3A GWAS studies show that SNPs of FOXO3A are linked to longevity (Li et
al., 2009).

GDF11 Factor that is secreted in the TGFß cytokine family, and secretion declines
with age. Suspected to be involved in aging of skeletal muscle and skin
(Egerman & Glass, 2019).

GPX1 SNPs are associated with aging-related memory decline and ARD
development (da Rocha et al., 2018).

https://www.zotero.org/google-docs/?8uQ1Ps
https://www.zotero.org/google-docs/?LiFcwD
https://www.zotero.org/google-docs/?XWyVvl
https://www.zotero.org/google-docs/?7mm9wU
https://www.zotero.org/google-docs/?ORiUTr
https://www.zotero.org/google-docs/?JSz4VD
https://www.zotero.org/google-docs/?uHfRpi
https://www.zotero.org/google-docs/?jTNJxo
https://www.zotero.org/google-docs/?NM3t03
https://www.zotero.org/google-docs/?NMcQAs
https://www.zotero.org/google-docs/?NMcQAs
https://www.zotero.org/google-docs/?KY7Apj
https://www.zotero.org/google-docs/?qYPvbr
https://www.zotero.org/google-docs/?qYPvbr
https://www.zotero.org/google-docs/?xUqeFT
https://www.zotero.org/google-docs/?xUqeFT
https://www.zotero.org/google-docs/?VmnxzW
https://www.zotero.org/google-docs/?mf4MzT
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IL6 Linked to AD and aging-related inflammation (Cardoso et al., 2018; Greene
& Loeser, 2015).

JUND Part of AP-1 redox-regulated transcription process, playing a role in
age-related changes. Associated with premature aging phenotypes and aging
of human fibroblasts (Paneni et al., 2013).

KCNA3 Potassium voltage-gated channel that is involved in ARDs (Ota et al., 2011).

KL Evidenced as a core frailty biomarker, particularly in cytoskeleton and
hormones; alleles are implicated in longevity (Cardoso et al., 2018)

LMNA Mutation causes Hutchinson-Gilford’s progeroid syndrome, with an
accelerated aging phenotype; in many studies, mutants result in premature
aging (Gonzalo et al., 2017).

MAT1A SNPs show association with human longevity (Luciano et al., 2012).

MAT2A SNPs show association with human longevity (Luciano et al., 2012).

MTOR Widely established as a regulator of longevity, lifespan, and aging-related
processes like metabolism and cellular senescence (Weichhart, 2018).

NFKB1 Associated with lifespan and age-related inflammatory changes (Lorenzini
et al., 2020).

NUDT1 Degrades oxidative damage to both RNA and DNA, linked to longevity and
lifespan (Garre et al., 2011).

PAPPA Has an important role in fetal development and pregnancy, but is also
evidenced to play a role in longevity and risk development of ARD
(Conover, 2013).

PIK3CB Linked to both longevity and plasma IGF1 levels in humans (Elzinga et al.,
2019).

PLAU Evidenced to extend longevity through metabolic functions; variants linked
to ARDs in humans (Cardoso et al., 2018; Gaweda-Walerych et al., 2021).

PLD3 Regulates late-stage neurogenesis and processing of amyloid precursor
proteins; variants increase risk of ARD in humans, particularly AD (J. Wang
et al., 2015).

POLG Deficiency results in premature aging phenotype, associated with ARD risk
(Cohen et al., 1993).

PON1 Affects longevity through suspected atheroprotective effect (Lescai et al.,
2009).

https://www.zotero.org/google-docs/?HlXh9z
https://www.zotero.org/google-docs/?HlXh9z
https://www.zotero.org/google-docs/?GTQ3to
https://www.zotero.org/google-docs/?MoItxQ
https://www.zotero.org/google-docs/?t1lRTg
https://www.zotero.org/google-docs/?QiJGbd
https://www.zotero.org/google-docs/?5sKkmr
https://www.zotero.org/google-docs/?Q6Ztvc
https://www.zotero.org/google-docs/?owQh4w
https://www.zotero.org/google-docs/?pBlQu1
https://www.zotero.org/google-docs/?pBlQu1
https://www.zotero.org/google-docs/?H4ybr0
https://www.zotero.org/google-docs/?UQr9SX
https://www.zotero.org/google-docs/?mLfOhB
https://www.zotero.org/google-docs/?mLfOhB
https://www.zotero.org/google-docs/?2U6DqY
https://www.zotero.org/google-docs/?ESsW5k
https://www.zotero.org/google-docs/?ESsW5k
https://www.zotero.org/google-docs/?wrNubr
https://www.zotero.org/google-docs/?aLDhEs
https://www.zotero.org/google-docs/?aLDhEs
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POU1F1 Associated with lifespan,  regulates pituitary development and hormone
expression (Jadhav et al., 2021).

PPARGC1A Associated with ARDs, evidenced to accelerate vascular aging and
atherosclerosis through metabolic and inflammatory regulation (Liang &
Ward, 2006).

RAE1 Along with BUB3, insufficiency is tied to early aging and reduced lifespan
(Baker et al., 2006, p. 3).

SHC1 A splice variant of SHC1, p66, is associated with lifespan, cognitive
performance, and vascular aging (Paneni & Cosentino, 2012).

SIRT6 Strongly evidenced to promote longevity and protect against ARDs through
functions in chromatin signaling and genome maintenance (Tasselli et al.,
2017).

SOD2 Overexpression associated with increased lifespan and longevity;
polymorphisms associated with longevity and ARD development (El Assar
et al., 2013).

TERC Critical in cellular senescence and telomere elongation; mutations resulting
in telomere shortening may cause accelerated aging (Grill & Nandakumar,
2021).

TERT Critical in telomere elongation; mutations resulting in telomere shortening
may cause accelerated aging (Grill & Nandakumar, 2021).

TNFA An immune response cytokine, TNFA, is associated with inflammatory
aspects of aging (Clarke et al., 2018).

TP53 Through involvement in DNA repair, cell cycle regulation, and apoptosis,
TP3 is associated with lifespan and longevity (Wu & Prives, 2018).

TP63 Regulates proliferation and differentiation, and is associated with premature
aging and lifespan (Holder-Espinasse et al., 2007).

TREM2 Receptor expressed on myeloid cells that regulates inflammation, cell death,
and synaptic pruning, associated with ARDs (Mecca et al., 2018).

UNC5D Promotes neuronal cell survival, as well as cell migration and cell-cell
adhesion (Takemoto et al., 2011).

WWOX Plays a role in apoptosis and connected to ARD risk, particularly dementia
development (Dugan et al., 2022; Kunkle et al., 2019).

XRCC5 Involved in DNA repair and chromatin remodeling that has been associated
with premature aging (Gennaccaro et al., 2021).

https://www.zotero.org/google-docs/?40h9Ti
https://www.zotero.org/google-docs/?VoYWOj
https://www.zotero.org/google-docs/?VoYWOj
https://www.zotero.org/google-docs/?CcCTRA
https://www.zotero.org/google-docs/?02mUvo
https://www.zotero.org/google-docs/?15EevD
https://www.zotero.org/google-docs/?15EevD
https://www.zotero.org/google-docs/?tDtgCp
https://www.zotero.org/google-docs/?tDtgCp
https://www.zotero.org/google-docs/?SyUBN1
https://www.zotero.org/google-docs/?SyUBN1
https://www.zotero.org/google-docs/?POFPQh
https://www.zotero.org/google-docs/?9fQIn5
https://www.zotero.org/google-docs/?s0OGxh
https://www.zotero.org/google-docs/?HcGWPl
https://www.zotero.org/google-docs/?Oy773q
https://www.zotero.org/google-docs/?OrlKFc
https://www.zotero.org/google-docs/?akhYNS
https://www.zotero.org/google-docs/?LafmQh
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Functional Profiling of Aging Genes

Functional enrichment analysis of the 59 aging-related genes was performed using

g:Profiler’s g:GOSt package in RStudio (Kolberg et al., 2020). Using statistical enrichment

analysis, GOSt finds significant functional information for genes based on known Gene

Ontology terms, biological pathways, regulatory DNA elements, human disease gene

annotations, and protein-protein interaction networks (Raudvere et al., 2019). In addition to

functionally profiling the full list of 59 aging-related genes, functional profiling was also

performed for the 6 aging-related genes (that are a part of the full list) that are regulated by

selected and/or differentially expressed CREs. For both lists, Benjamini-Hochberg FDR

correction method, with a p-value threshold of 0.05, was used in order to decrease the chance of

false positive results occurring.

Finding Intersection Between CREs and Aging Genes

RStudio and UCSC Genome Browser were the primary tools used to identify if any of the

901 total CREs regulate any of the 59 total aging-related genes. The CRE dataset was imported

into R, containing the following information: CRE ID, chromosome, start coordinate location,

stop coordinate location, and the gene that it is annotated to regulate. CRE-gene assignment was

performed using GREAT (McLean et al. 2010) with the “basal plus extension” method (Pizzollo

et al., 2019), which defines regulatory domains for genes and their CRE annotations

automatically.

To attain the genomic locations of the aging-related genes, we entered the gene IDs into

USCS Genome Table Browser. Resulting output was a BED (Browser Extensible Data) file,

https://www.zotero.org/google-docs/?Nx1XIJ
https://www.zotero.org/google-docs/?5SiB0i
https://www.zotero.org/google-docs/?5c7FJz
https://www.zotero.org/google-docs/?5c7FJz
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which includes the following information: chromosome, start coordinate location, stop

coordinate location, name, score (read depth), strand orientation, thick start coordinate (typically

where the exon starts), thick end coordinate, Rgb value, number of blocks (such as exons), sizes

of these blocks, and start coordinates of these blocks. The BED file was imported into RStudio,

aligned with the CRE dataset, then cleaned up using the Tidyverse package. In order to calculate

the distance between the CRE and the gene that it regulates, a new column (“distance”) was

created by subtracting the CRE start coordinate location from the gene start coordinate location

and taking the absolute value.

Interested readers can view the RStudio code at https://github.com/lilyhilt.

Transcription Factor Enrichment

Cis-regulatory element activity often occurs when transcription factors bind to motifs,

causing more transcriptional machinery to bind to promoters and induce gene transcription

(Pizzollo et al., 2019). Because of this interaction, we investigated motif enrichment of the three

selected aging genes (CDKAL1: 2 sequences; CSMD1: 4 sequences; UNC5D: 6 sequences).

This was performed using Meme Suite’s Simple Enrichment Analysis (SEA) package (Bailey &

Grant, 2021) by attaining each splicing exon variant sequence using NCBI, inputting the

sequences into SEA, and scanning for motifs based off of their JASPAR database of 1227

vertebrate motifs with E less than or equal to 10.

Orthologous Gene Search

We utilized NCBI (National Center for Biotechnology Information) to search for

orthologous genes of the 6 aging-related genes regulated by selected/DE CREs. Each of the 6

https://www.zotero.org/google-docs/?ofpQTm
https://www.zotero.org/google-docs/?z5aXG9
https://www.zotero.org/google-docs/?z5aXG9
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genes were searched in the ortholog database, then narrowed down from jawed vertebrates to

placental primates in order to compare with the closest human ancestors. NCBI calculates these

ortholog gene groups using their Eukaryotic Genome Annotation Pipeline. This calculation uses

a combination of protein sequence similarity and local synteny, which is measured by homology

of neighboring genes. Specifically among placental primates, Homo sapiens (humans), Pan

troglodytes (chimpanzees), and Macaca mulatta (Rhesus monkey) were examined. Presence of

the gene, amino acid length, sequence alignment, and gene architecture were noted.

RESULTS & DISCUSSION

Six aging genes are regulated by CREs with either positive selection and/or high brain activity

Of the 59 human aging-related related genes, 6 were identified as being regulated by

cis-regulatory elements that are either evolutionarily selected for, differentially expressed in the

human brain, or both. A summary of these genes, brief description of their function,

chromosome, and CRE information are shown in Table 2. AKT3, CDH13, and WWOX are

regulated by CREs that were differentially expressed in neurons and iPSC-derived neural

progenitor cells. CSMD1 and UNC5D are regulated by CREs that have experienced significant

evolutionary positive selection compared to a standard nucleotide substitution rate. CDKAL1 is

regulated by a CRE that falls under both of these categories, making it a strong candidate for

further investigation.

Table 2. Aging Genes Regulated by Selected and/or Brain DE CREs

Gene ID Function CRE Chromosome Selected, DE, or
both?
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AKT3 Codes for serine/threonine kinase
Linked to longevity
Regulation of proliferation and
survival via PI3K/Akt/mTOR
pathway
Mediator of insulin effects

Cre.1641 Chr1 Differentially
expressed

CDH13 Codes for T-cadherin
Involved in cognitive ability,
prevents age-related bone loss,
implicated in age-related disorders

Cre.1825 Chr16 Differentially
expressed

CDKAL1 Codes for CDK5 regulatory
subunit-associated protein 1-like 1
Implicated in age-related disorders

Cre.1210 Chr6 Both

CSMD1 Membrane component
Associated with aging-related
memory and cognitive issues

Cre.1368 Chr8 Selected

UNC5D Netrin receptor activity
Cortical cell survival

Cre.1378 Chr8 Selected

WWOX Correlated with dementia
Tumor suppressor

Cre.518 Chr16 Differentially
expressed

AKT3

AKT3 has an extremely wide range of involvement in biological processes. It is perhaps

most well known for its role in proliferation, tumorigenesis, and apoptosis due to its part in the

PI3K/Akt pathway, which regulates cell survival during conditions of stress. The pathway is

commonly mutated in cancerous cell conditions, resulting in lack of control over cell

proliferation (Porta et al., 2014). Because of this, AKT3, along with the entire PI3K/Akt

pathway, is a heavily researched target of cancer mechanisms and therapies. In addition, with

high expression throughout the hippocampus, AKT3 has also been found to be essential for

determining brain size. Regulation and coordination of organ tissue growth must be extremely

precise - particularly in the brain, where an organ size that is either too large or too small can

https://www.zotero.org/google-docs/?WUJfbJ
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severely affect the function of the organism. In a study examining AKT3 deficiency, mice with a

knockout of AKT3 showed a 20% decrease in brain size compared to control mice due to brain

cells that were both reduced in count and reduced in size (Easton et al., 2005). The mechanism of

this is likely to be involvement with insulin-like growth factor 1 (IGF1), which has high

interaction with AKT3 and is also important in regulating brain size. It is extremely possible that

aging-related brain size decline can be partly attributed to altered regulation of AKT3.

In this project, AKT3 was found to be regulated by a CRE with significant differential

expression in neural cells. This aligns with the logic of previous findings that AKT3 itself has

high expression patterns in neural tissues. While this project did not find evidence that AKT3 is

regulated by evolutionarily selected CREs, other research has found evidence of adaptive

evolution in mammary gland and immune cell AKT3 expression (Farmanullah et al., 2020).

CDH13

Like AKT3, CDH13 (Cadherin-13) also plays a role in cancer development, but is often

downregulated in cancer rather than upregulated. The protein it codes for, T-cadherin, is an

anchored membrane receptor that can alter cell properties and phenotype through its unique

signaling properties (Andreeva & Kutuzov, 2010). While cadherins have an established role in

cancer, CDH13 is a novel candidate gene for neuropsychiatric disorders (particularly ADHD)

and age-related disorders. The link was initially discovered through genome-wide association

studies, and recent and current studies are investigating mechanisms. During neural

differentiation, CDH13 negatively regulates the growth of axons. It’s involved in control of axon

growth and guidance while neurons differentiate and develop. As such, it is hypothesized that

altered axon growth could underlie a wide variety of neurological disorders, including

https://www.zotero.org/google-docs/?WhhrLp
https://www.zotero.org/google-docs/?nKshu9
https://www.zotero.org/google-docs/?K4f9wb
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age-related neurological disorders (Rivero et al., 2013). CDH13 expression also appears to resist

development of atherosclerosis, a disease common with increased age (Takeuchi et al., 2007).

Experimentally, CDH13 has high expression through the brain, particularly the prefrontal

cortex, medulla, and thalamus (Rivero et al., 2013). This aligns with this project’s finding that

CDH13 is regulated by a CRE with significant differential neural cell expression.

CDKAL1

CDKAL1 is most well known for having a polymorphism that is associated with type 2

diabetes by regulating insulin production and adipose tissue mitochondrial function (Palmer et

al., 2017). Based on GWAS, it is also associated with development of age-related disorders

(Srivastava et al., 2015). With high neural expression, CDKAL1 is suspected to contribute to

normal brain function due to its involvement with insulin (Srivastava et al., 2015). However,

aside from the hypotheses stated, the function of CDKAL1 is largely unknown. CDKAL1 is

thought to help compose CDK5, which is a key regulator of several neuronal functions after

being activated by p35. Because of this, it is likely that CDKAL1’s high neuronal expression is

due to regulatory involvement in processes such as neuron migration, growth, and

neurodegeneration (Takasugi et al., 2016). This project’s finding that CDKAL1 is regulated by a

CRE with high neuronal differential expression aligns with these hypotheses. However, it is also

extremely interesting that the CRE which regulates CDKAL1 has been evolutionarily selected as

well. This suggests that expression of CDKAL1 in the brain is altered in humans than other

primates, and could be contributing to unique human neural features and age-related neurological

diseases.

https://www.zotero.org/google-docs/?PTpRNu
https://www.zotero.org/google-docs/?0Mlkkt
https://www.zotero.org/google-docs/?AnTbu4
https://www.zotero.org/google-docs/?Uw9RvK
https://www.zotero.org/google-docs/?Uw9RvK
https://www.zotero.org/google-docs/?VEMsvB
https://www.zotero.org/google-docs/?Lzy6M3
https://www.zotero.org/google-docs/?TZz3Pp
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CSMD1

CSMD1 is known for acting in several cognitive processes, particularly learning and

memory, partly due to its role in the complement cascade. The complement cascade is a part of

the immune system that enhances the innate immune system and consists of approximately 50

proteins that activate each other in a cascade. However, the complement cascade’s role extends

beyond immunity. It also regulates synaptic pruning and synaptic plasticity, which are the

processes of eliminating and changing the junctions of neurons when needed (Athanasiu et al.,

2017). In neurodegenerative diseases, the complement cascade plays a part in synapse loss

(Druart & Le Magueresse, 2019). In summary, CSMD1 has been associated with cognitive and

memory issues, and its role in the complement cascade is a likely mechanism for this.

Little is known about the evolutionary history of CSMD1. It is conserved in our close

ancestors, which is discussed further in the results section. This project identifies that CSMD1 is

regulated by a CRE that has experienced positive selection. This finding suggests that regulation

and expression of CSMD1 could be novel in humans compared to other primates.

UNC5D

UNC5D codes for a class of netrin receptors. Netrins are a class of proteins involved in

axon guidance, and as a receptor for that, UNC5D is involved with axon guidance, cell

migration, cell-cell adhesion, and cell survival in the human brain (Takemoto et al., 2011). A

recent study using whole genome sequencing to analyze brain imaging phenotypes found that

UNC5D influences total cerebral brain volume, hippocampal volume, and white matter

hyperintensity (Sarnowski et al., 2018). All three of these aspects are often decreased in the

aging brain and tend to accompany memory impairment (Peters, 2006), suggesting a role of

https://www.zotero.org/google-docs/?4TuvPp
https://www.zotero.org/google-docs/?4TuvPp
https://www.zotero.org/google-docs/?Ya05Ad
https://www.zotero.org/google-docs/?UdGqen
https://www.zotero.org/google-docs/?nDFKwv
https://www.zotero.org/google-docs/?VBaUgK
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UNC5D in these cognitive declines. As discussed in the literature review, it is suspected that

aging-related cognitive decline follows brain volume loss, but this relationship is nonlinear and

the cause-effect nature of the relationship is not confirmed. In addition, a related gene of the

same family, UNC5C, is associated with Alzheimer’s disease and middle temporal volume

(Sarnowski et al., 2018).

This project finds that UNC5D is regulated by a CRE that have experienced positive

selection. Interestingly, under the scope of this project, UNC5D was not found to be regulated by

CREs with differential brain activity, despite the gene itself typically being strongly expressed in

human neocortical cells (Sarnowski et al., 2018). However, because its CREs are evolutionarily

selected for, there is evidence that regulation of UNC5D and therefore brain volume attributes

are evolutionarily important.

WWOX

Originally discovered as a tumor suppressor that promotes apoptosis (Aldaz & Hussain,

2020), research into WWOX has revealed that downregulation is a major risk factor for

neurodegeneration as well. This is due to its role in the development and function of the central

nervous system (CNS). WWOX is involved in key CNS development and neural differentiation

signaling pathways involving Wnt and Hedgehog that help not only to develop, but maintain the

adult human brain (Kośla et al., 2020). Among neurodegeneration, WWOX is particularly

involved in Alzheimer’s disease (AD) based on both experimental research and genome-wide

association studies (Aldaz & Hussain, 2020; Dugan et al., 2022; Hsu et al., 2021). WWOX’s

protein, a WW domain-containing oxidoreductase, limits AD development by binding to Tau

(aggregation of which is a key hallmark of AD) and preventing its aggregation. It is hypothesized

https://www.zotero.org/google-docs/?eAErlx
https://www.zotero.org/google-docs/?zu0kdV
https://www.zotero.org/google-docs/?JU84Uy
https://www.zotero.org/google-docs/?JU84Uy
https://www.zotero.org/google-docs/?uo8b35
https://www.zotero.org/google-docs/?MP65gG
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that in the aging human brain, gradual loss of WWOX induces increased levels of tau tangles

(Hsu et al., 2021). This proposed mechanism would help explain WWOX as an age-related risk

gene for Alzheimer’s disease in GWA studies. A summary of WWOX’s known neural functions

is shown in Figure 3.

Figure 3. Summary of pleiotropic roles of WWOX in the central nervous system along with the

proteins that it is involved with. Taken from (Kośla et al., 2020).

Previous gene expression data has identified that expression of WWOX tends to be

higher in the cerebellar cortex than in other human CNS structures (Aldaz & Hussain, 2020).

This, while considering the function of WWOX, aligns with the findings of this project that

WWOX is regulated by a CRE with high differential expression in neurons and iPSC-derived

https://www.zotero.org/google-docs/?cSRHEV
https://www.zotero.org/google-docs/?KsHVpu
https://www.zotero.org/google-docs/?hlXAq1
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neural progenitor cells. This provides further evidence that WWOX is a significant candidate to

investigate when researching aging and age-related neurodegeneration.

CREs tend to be closer to the aging genes that they regulate

Among the 6 significant aging-related genes, distances (in base pairs) between the genes

and their CREs were calculated, and visually represented in Figure 4. The reason that there are

over 100 total counts, rather than 6 counts, is because of different protein-splicing variants of

each gene. As shown, CREs tended to be closer to the genes that they regulate rather than distal,

with a median distance of approximately 250,000 base pairs away. The original CRE dataset

includes both enhancers and promoters and are undistinguished. Because of this, it is possible

that the 6 genes tend to be regulated by promoters rather than enhancers, since promoters

regulate from close to the gene, and enhancers regulate regardless of distance. However, with the

exception of one peak of distance counts (at 250,000 base pairs), distribution of the distances is

not extreme. In these genes, regulation is still occurring from up to 2 million base pairs away

from the gene start location. So, while regulation tends to occur closer to the gene that it is

regulating, distance can vary.
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Figure 4. The distances between CREs and the protein-coding splicing variants of the six

significant aging genes. Distances were calculated by subtracting the start base pair of the CREs

from the start base pair of the genes.

Functional profiling of aging-related genes

The 59 aging-related genes were chosen based on review of the literature. In order to

visualize annotated functions of the genes using established gene ontology (GO) categories, we

utilized gProfiler g:GOSt R package for functional enrichment analysis. A summary of the

results, along with explanations of the GO categories, is shown in Figure 5. The most prevalent

biological processes (BP) results include cellular stress response, cell population proliferation,

cell aging, response to abiotic stimulus, response to oxidative stress, and regulation of cell

migration/motility. The most prevalent KEGG pathway results include longevity regulating

pathways, cellular senescence (deterioration of cells with age), and cancers such as T-cell

leukemia, prostate cancer, and gastric cancer. The most prevalent reactome (REAC) terms
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include regulation of p53 (a well known tumor suppressor), BH3-only protein activation

(apoptotic proteins that often activate in response to stress), and many DNA repair and cell stress

pathways. Notably, these genes are also enriched for netrin receptor activity. Identification of

enriched GO categories is important because while the 59 aging-related genes were chosen based

on GWAS and/or experimental evidence, many of their mechanistic involvements with human

aging are unknown. Aging is a complex process that is not directly controlled by known genes,

but it is likely that biological processes such as stress response regulation, proliferation and

apoptosis regulation, cellular senescence, and netrin activity are key contributors of why and

how humans age.
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Figure 5. Functional profiling of all 59 aging-related genes (top) and 6 aging-related genes

(bottom) regulated by the discussed CREs, performed using the g:GOSt gProfiler open source

package (Raudvere et al., 2019). In this Manhattan plot, each circle represents a gene ontology

(GO) term that fall under eleven “source” categories based on previous functional annotation:

molecular function (MF), biological processes (BP), cellular component (CC), KEGG pathways

(KEGG), reactome (REAC), Wiki pathways (WP), transcription binding sites (TF), genes

targeted by miRNAs (MIRNA), Human Protein Atlas (HPA), CORUM protein complexes

(CORUM), and human phenotype ontology (HP). Adjusted p-values for particular functions of

interest are also shown.

Along with functional profiling of all 59 aging-related genes, we also performed

functional enrichment of the 6 aging-related genes regulated by selected and/or differentially

expressed CREs: AKT3, CDH13, CDKAL1, CSMD1, UNC5D, and WWOX. Because these 6

genes are included in the full list of 59 genes, their results (shown in the bottom plot of Figure 5)

are also included in the results of the full list (shown in the top plot of Figure 5). Notable

functions include netrin receptor activity, endothelial cell proliferation, cell migration regulation,

cell-cell adhesion, stress response, and enrichment in a longevity regulating pathway. While

these results had a larger p-value than many of the results for the full list, they are still

significant. The larger p-value is likely due to some of the 6 genes being less researched and

therefore less annotated in terms of gene ontology. Overall, the functional enrichments of the 6

aging-related genes represent similar biological processes as the full list of 59 genes. Because

some genes are under-researched, particularly CDKAL1 and CSMD1, many gene ontology

functions may have not been identified yet.

https://www.zotero.org/google-docs/?y0pz7D
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Aging genes are orthologous in our closest ancestors

NCBI (National Center for Biotechnology Information) was used to search for

orthologous genes in our closest ancestors for AKT3, CDH13, CDKAL1, CSMD1, UNC5D, and

WWOX. All 6 genes are present and conserved in our closest ancestors. There are generally no

duplications, losses, or novel genes present, and the amino acid sequences are generally the

same. The only slight exceptions are in CDH13 and WWOX. In CDH13, the most common

splicing variant is slightly shorter in humans than in chimpanzees (713 amino acids vs 760 amino

acids), In WWOX, the most common splicing variant is also slightly shorter in chimpanzees (436

amino acids vs 414 amino acids). However, this orthologous gene search provides further

evidence that these genes are not novel. Any evolutionary change in these genes is likely due to

regulation, possibly from CREs, rather than any mutations in the coding regions themselves.

Motif Enrichment in Selected Aging Genes

Due to particular interest in the aging genes that are regulated by evolutionarily selected

aging-related genes, motif enrichments for CDKAL1, CSMD1,and UNC5D were examined

using SEA (Bailey & Grant, 2021). Using the JASPAR Vertebrate database, no motif sequences

(with E less than or equal to 10) were identified in CDKAL1 or CSMD1. However, 254 motifs

were enriched in the 6 UNC5D alternative splicing sequences. The top 5 of these motifs are

identified and described in Table 3 below.

Table 3. Top 5 transcription factors enriched in UNC5D sequences. Obtained with SEA; results

limited to JASPAR Vertebrate database.

https://www.zotero.org/google-docs/?1K2Shh
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Name and
Matrix ID

Class Description

Mecom
MA0029.1

C2H2 zinc finger factors Association to promoter expression in various human
samples and cell lines (JASPAR Motif:MA0029.1 -
Resource_browser, n.d.).

PBX1
MA0070.1

Homeo domain factors Involvement with pre-B-cell leukemia homeobox 1
(JASPAR Motif:MA0070.1 - Resource_browser, n.d.).

REST
MA0138.2

C2H2 zinc finger factors Repressor element-1 silencing transcription factor
(REST) is involved in neuronal death. Dysregulation
of this transcription factor is involved in
neurodegenerative disease, heart disease, and cancer
(Noh et al., 2012).

HNF1B
MA0153.2

Homeo domain factors Involvement with insulin release, beta cells in
pancreas, and kidneys; association to promoter
expression in various human samples and cell lines
(JASPAR Motif:MA0153.1 - Resource_browser, n.d.).

ESRRB
MA0141.3

Nuclear receptors with
C4 zinc fingers

Involvement in self-renewal and pluripotency
maintenance through signaling pathways such as
Wnt and FGF (Zhou et al., 2007).

In UNC5D, the average motif density is ~26 motifs/100 base pairs. While motif

abundance is an indicator of transcription factor and CRE activity, the presence of a motif does

not guarantee that transcription factors will bind at that location. In addition, because cofactors

can be recruited to sequences that do not match predicted motifs, the absence of transcription

factor motifs does not mean that there is no enhancer activity occurring (Grossman et al., 2017;

Pizzollo et al., 2019). However, overall, these results suggest that UNC5D has high levels of

enhancer activity occurring. Based on the top five enriched transcription factors identified (Table

3), it is likely that UNC5D has a wide range of participation in functions such as neuronal death,

insulin release, self-renewal, and pluripotency maintenance.

https://www.zotero.org/google-docs/?5XkIhc
https://www.zotero.org/google-docs/?5XkIhc
https://www.zotero.org/google-docs/?NIiKbQ
https://www.zotero.org/google-docs/?9ojlSf
https://www.zotero.org/google-docs/?fRXxJl
https://www.zotero.org/google-docs/?pvS4Yv
https://www.zotero.org/google-docs/?HF2eAC
https://www.zotero.org/google-docs/?HF2eAC
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CONCLUSIONS

While mutations in human coding regions presumably contribute to a portion of our

neurological differences compared to non-human primates (Suntsova & Buzdin, 2020), many of

the phenotypic differences are likely attributable to changes in gene expression. Previous

research in the Babbitt lab identified a library of cis-regulatory elements (CREs), including

enhancers and promoters, which modulate gene expression. These CREs fell under one of two

categories (or, in the case of 34 CREs, overlapped): evolutionarily accelerated in humans, or

differentially expressed in the human brain (Pizzollo et al., 2019).

This honors thesis identifies 6 aging-related genes, narrowed down from a list of 59, that

are regulated by these evolutionarily accelerated and/or brain active cis-regulatory elements.

These genes (AKT3, CDH13, CDKAL1, CSMD1, UNC5D, and WWOX) and their respective

CREs are excellent candidates to investigate in future research regarding how the human brain

ages and how humans develop age-related neurodegenerative disorders. In addition, this project

identified that all 6 aging-related genes are orthologous in recent ancestors of humans, and that

their CREs tend to be closer (in bp) to the genes that they regulate. Motif enrichment of genes

regulated by evolutionarily selected CREs was also performed, resulting in identification of

several significant transcription factors within UNC5D’s sequence. Finally, functional profiling

of the aging genes was performed and gave insight into the genes’ wide range of functions, such

as stress response regulation and netrin receptor activity.

As a field with massive amounts of data, further research into regulatory genomics is

limitless. In future studies investigating the role of CREs in human aging, there are many steps to

take next. This project investigated 59 aging-related genes in humans chosen from literature

https://www.zotero.org/google-docs/?o9956Z
https://www.zotero.org/google-docs/?XEvHjz
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search and the GenAge Database (Tacutu et al., 2018), but further research could expand this list

to include other human aging-related genes that were not included in this project’s search. Other

entries in the GenAge Database include genes that are linked to aging in other mammalian

organisms, non-mammalian organisms, or cell line models. In addition, because the chosen genes

are suspected to be linked to aging based on association and/or experimental studies, there are

likely many more genes that contribute to human aging and degeneration that have not been

definitively identified yet. The library of CREs could also be expanded in future research.

Evolutionarily accelerated CREs were identified based on computational tests comparing region

substitution rate to a neutral substitution rate, but other statistical tests and parameters exist that

could potentially alter or expand the database of CREs that have undergone positive selection.

Similarly, the library of brain active CREs could be altered or expanded based on further

experimental research in neuronal cells.

The scope of this project primarily focuses on aging in the brain. Further research could

investigate genes that affect aging in other organ systems, such as the immune or

musculoskeletal system. In addition, many of the 59 aging-related genes overlap with

neurodegenerative disease risk, but further studies could focus specifically on risk genes for

neurodegeneration. Another avenue for further research is investigation of motif enrichment.

Motif density could be investigated for all of the aging-related genes, then compared to positive

and negative controls using a permutation test. This project focused on motif enrichment of

genes regulated by evolutionarily selected CREs, but motifs could also be examined for genes

regulated by the differentially expressed CREs as well.

Cis-regulatory elements are not the only factors that regulate expression of genes. Of

particular recent interest in the field is long noncoding RNAs (lncRNAs), which have a wide

https://www.zotero.org/google-docs/?7jJWWQ
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range of regulatory methods and localizations. Various lncRNAs can interfere with signaling

pathways, regulate chromatin function, affect stability and translation of cytoplasmic

mRNAs—all of which regulate rates of gene expression (Statello et al., 2021). Regulatory

lncRNAs are a popular recent area of research and their role in human brain aging would be

fascinating to investigate.

As described, this area of research has many paths left to explore. AKT3, CDH13,

CDKAL1, CSMD1, UNC5D, WWOX, and their CREs are strong candidates for aging research.

In particular, CDKAL1 is regulated by a CRE that has both experienced recent positive selection

and is active in the brain. Because this gene is modulated by an active regulatory region that is

unique in humans, it is particularly critical for further investigation. Medical applications, such

as targeting these genes when treating age-related disorders, have strong potential.

https://www.zotero.org/google-docs/?1DO758
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