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Tandem repeats as sources of variation
by Sterling Sawaya

Tandem repeats make up a small fraction of the human genome, but due to
their high rates of expansion and contraction, they are predicted to be highly
polymorphic. When tandem repeats are found within functional regions of the
genome, these polymorphisms can modulate phenotypes, which can result in disease. This thesis investigates tandem repeats composed of short subunits, called
microsatellites, short tandem repeats, or simple sequence repeats. Part of this
thesis investigates how these tandem repeats can be conserved in mammals, and
explains how the most conserved of these repeats are found in regions of the
genome that regulate gene expression and mRNA translation. Many of these
highly conserved microsatellites are found in genes that regulate development,
highlighting the exciting possibility that mammalian development can be modulated by these hypermutable elements. Some regulatory microsatellites have
the potential to form unusual DNA structures, and these structures are known
to regulate RNA production and DNA replication. To further investigate how
tandem repeats can form alternative DNA structures, this thesis examines how
DNA polymerase interacts with repeats known to form various structures. A relatively new method of DNA sequencing, from Pacific Biosciences, records polymerase activity in real-time and at single-molecule resolution. The sequencer
kinetics are used to study the interaction between polymerase and two structures: G-quadruplex DNA, known for its ability to pause polymerase and its
prevalence in regulatory regions; and Z-DNA, a left-handed double helix that is
also prevalent in regulatory regions. In total, this thesis examines how human
microsatellites can be sources of phenotypic variation, and discusses methods for
genotyping and interpreting the genetic variation prevalent in these repeats.

Preface
My interest in tandem repeats began while I was an undergraduate at the University of British Columbia. After taking classes on genetics and evolution, I
was unsatisfied with the textbook explanation for the evolutionary process. I
found human evolution to be especially difficult to explain using the standard
theories. Humans take such varied forms, and have adapted to such extreme
environments. Much of this evolution occurred in tens of thousands of years
since we began migrating out of Africa. The textbook explanation at that time
was that evolution took place through small mutation in protein coding regions
of the genome. I was skeptical of this explanation. How could such a varied
population be generated by slowly evolving the function of proteins? My backof-the-envelope calculations led me to believe that our understanding of human
evolution was incomplete. There are far too few mutations occurring in protein
coding regions for them to be responsible for our rapid evolutionary change. I
began searching the scientific literature to find alternative explanations.
I found a remarkable lab at UBC, studying a system that had striking similarities
to recent human evolution. The lab of Professor Dolph Schluter studied the
stickleback fish, a fascinating little vertebrate that, like humans, evolved a variety
of forms in only a few thousand generations. I was very lucky to spend time
researching in Dolph’s lab, and learning about stickleback evolution inspired
me to further my studies on hypermutable regulatory regions. I was also lucky
to have joined the Integrated Sciences program, where I was encouraged by
Professor Rik Blok, my advisor in that program, to integrate molecular genetics
and evolution theory for my bachelor’s degree. After graduating in 2006 I planned
to further my education in graduate school, but took a short break to travel.
In 2008 I began my graduate studies at University of Washington, and planned to
continue studying stickleback evolution. I was encouraged by Professor Catherine
Peichel, an expert on sticklebacks, to study things that I was passionate about,
so I briefly examined stickleback tandem repeats and their conservation in fish
while in her lab. I continued my required lab rotations by studying evolution
theory in the lab of Professor Carl Bergstrom, where I recognized my natural
love for mathematics and statistics. After another lab rotation in Professor Ben
Kerr’s lab, where I briefly examined poly-adenine repeats in a bacteriophage, I
was encouraged by Ben and Carl to continue studying tandem repeats. I did so
by continuing to read the relevant publications, and also examine human genome
sequence alignments for genes of interest.
iv

I discovered a few interesting regulatory tandem repeats that appeared to be
especially conserved in mammals, and Ben and Carl pushed me further to apply
statistics to measure this conservation. But I had no data, no programing skills,
and a limited understanding of phylogenetics. One week before I was scheduled
to give a talk at the Evolution conference in Idaho, I discovered the PhD thesis
by my future collaborator Dr. Emmanuel Buschiazzo. Emmanuel completed his
thesis in 2008 studying tandem repeat conservation in vertebrates with Professor
Neil Gemmell, my primary supervisor at the University of Otago. But his thesis
had limited phylogenetic analysis of conservation, and I planned to contact him
after the conference to ask him for his data so that I might further analyze it. As
luck would have it, Emmanuel was doing post-doc research at UBC and attended
the Evolution conference, where he saw my talk and approached me afterwards
to discuss it with me. Before he introduced himself I guessed that it might be
him, so I called him by his name and told him I was planning on contacting
him. He was somewhat surprised that I knew who he was. As I told Emmanuel
after our introduction, I was not certain it was him but there were so few people
interested in microsatellites that it was not a bad guess.
Emmanuel and I got along very well, and after a visit or two across the border
in Vancouver, we decided to collaborate to measure the conservation of microsatellite tandem repeats in mammals. For this collaboration, I sought help
from Professor Vladimir Minin in the statistics department at the University of
Washington. Vladimir is an exceptional statistician, and my work with him was
very rewarding. We measured microsatellite conservation with some interesting
methods, boosting the phylogenetics skills I initially picked up in a course by
Professor Joe Felsenstein.
Unfortunately, I was unable to obtain funding for my research into microsatellites
at UW, and consequently had to be a teaching assistant to fund my tuition and
stipend. Although I loved teaching, between grading papers and taking my
required graduate level courses, I had very little time for research. But the
initial results we had found in the conserved repeats were too amazing for me to
ignore. Not only were the conserved repeats often found in regulatory regions,
the genes that contained them were major regulators of development and growth.
I had to pursue this research further, and sought a PhD position with Neil at
Otago. Having never been to New Zealand and not knowing anyone who lived
in Dunedin, the move there from Seattle was a big risk. But this risk turned out
to be greatly rewarding, and I am very proud of the work I completed at Otago.

After making the big move and settling in, I found quality time to analyze the
phylogenetics data. My progress at Otago was further boosted by international
collaborations I am very grateful to have had the opportunity to share my research with others interested in tandem repeats. I have shared my results with
the lab of Professor Martin Kennedy in Christchurch, whose post-doc Andrew
Bagshaw initially suggested that I seek the PhD position with Neil. Outside of
New Zealand, I had the wonderful opportunity to share my work with Dr. Mar
Alba’s lab in Barcelona, Spain, and Professor Kevin Verstrepen’s lab in Leuven,
Belgium. Additionally, I am extremely lucky to have been invited to Delhi to
further my collaborations there, with the labs of Professor Shantanu Chowdhury
and Professor Mitali Mukerji. I spent the majority of November 2012 in Delhi,
and am presently collaborating with Professor Mitatli, and the very kind Dr.
Tav Pritesh Sethi and Dr. Rajesh Pandey to investigate some human tandem
repeats. Our work is not yet complete, and is briefly discussed in the thesis at
the concluding chapter.
Another of my major international collaborators is Dr. Steve Turner, founder
of Pacific Biosciences Incorporated. The Pacific Biosciences sequencer holds
great potential for research into tandem repeats, and some of this potential
is discussed in a chapter of this thesis. My communications with Steve and
Pacific Biosciences co-founder Dr. Jonas Korlach have given me great insight into
the technological challenges posed by the genotyping of tandem repeats. These
challenges inspired me to find new ways to use their DNA sequencer as a DNA
structure detection method. Developing this method has helped me to advance
my abilities in statistics and teach myself a bit of computer programming. I
hope this and future sequencing technology will help us better understand how
and why tandem repeat variations in humans can cause disease.
All together, my time at Otago has been both extremely challenging and hugely
rewarding. When I graduated from UBC I would have never expected to have
come so far in graduate school, to have such a detailed understanding of human
tandem repeats and their evolution, and to have visited so many interesting labs
across the globe. My travels so far have been very worthwhile, and I hope that
this trend continues in my future endeavors. My goal is to improve our understanding of human evolution, uncover sources of genetic diseases, and find ways
to prevent these diseases. I am excited about all of the potential advancements
that can be made with genetics, and am proud to help contribute to this growing
field.

All together, this work represents many long years of work: studying genome
alignments, learning statistical methods, and implementing these methods in
the programming language R. My hope is that this work will help us better
understand the human genome so that we can reduce suffering caused by disease
and improve our knowledge of ourselves, our history, and the sources of genetic
variation that lead to a dynamic human population.
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Glossary
DNA Structures:

• B-DNA: The DNA structure discovered by Watson and Crick in 1953. This
structure is a right-handed double helix.
• G-quadruplex (G4) DNA: A four stranded structure that forms in guanine
rich sequences. Can form intra-molecularly or inter-molecularly. Known
to pause DNA polymerase and have other regulatory functions.
• H-DNA: A triple helical structure.
• Z-DNA: A left-handed double helix.

Microsatellite:
A tandem repeat composed of motifs between one and six nucleotides in length.
The number of repeated motif subunits required for the definition of microsatellite used in this thesis are three perfect repeats for motifs of length five or six.
For motifs of length four or less, the microsatellite must be twelve nucleotides
in length to be considered a microsatellite here. Also known as a short tandem
repeat.

Motif:
The sequence which, when repeated, forms a tandem repeat. For example, the
repeat “ACACACAC” would have the motif “AC”. This thesis uses a standardizing notation so that both strands of the DNA are counted in the motif listed.
So the above motif becomes “AC/GT” because the complimentary strand to the
sequence is “GTGTGTGT”.

Promoter:
The region around the start of the gene (the transcription start site, TSS). For
this thesis, the region 5,000 nucleotides upstream and downstream of the TSS is
considered to be the promoter region.

xix

Tandem repeat:
A DNA sequence in which a motif is repeated in tandem. Tandem repeats with
motifs of length six or shorter are sometimes called microsatellites or short tandem repeats. Tandem repeats with motifs longer than six are sometime called
minisatellites.

Wavelet:
A method by which series data (e.g. a series of DNA nucleotides in a sequence)
can be examined at multiple scales. The original series data is put through a
filter, resulting in scaled measurements. Various filters can be used. The two
filters used in this thesis are the Haar filter (Daubechies 2-tap filter) and the
Daubechies 4-tap filter. The Haar filter has limited smoothing properties, and
is useful for examining sharp spikes. Higher level Daubechies filters, such as the
4-tap filter, have increased smoothing properties.

Abbreviations used
5’ UTR - The five-prime untranslated region found at the start of an RNA
transcript.
3’ UTR - The three-prime untranslated region found at the end of an RNA
transcript.
B-DNA - The standard double helical structure of DNA discovered by Watson
and Crick in 1953.
G4 - G-quadruplex DNA, a four stranded DNA structure
H-DNA - Heteroduplex DNA, a three stranded DNA structure.
non-B-DNA - Any DNA structure that differs from the standard right-handed
double helix.
TSS - Transcription start site, i.e. the start of a gene.
Z-DNA - A left handed double helix structure.

Chapter 1

Introduction: Why tandem
repeats are of interest
1.1

General overview

This thesis is a collection of four research articles, three of which have been
peer reviewed and published at the time of thesis submission. Although they
have been modified to improve flow in the thesis, these chapters are written so
that they can be read individually out of context of the thesis. The thesis is
nevertheless a complete work, with each of the chapters representing a piece of
research accomplished during my PhD. The topic of the thesis is DNA tandem
repeats (DNA sequences with patterns repeated in tandem) and how the variation prevalent in these sequences can result in phenotypic differences in humans.
The other topics discussed are all related to tandem repeats: DNA structure,
gene regulation, and DNA sequencing. Much of the research in these topics was
inspired by a study of evolution theory, and the hypothesis that high mutation
rate regions of the genome, such as tandem repeats, can function as sources of
phenotypic variation. This introductory chapter outlines this evolution theory,
and details how each chapter is connected to this hypothesis and to the other
chapters in the thesis.
This research integrates a wide range of fields to investigate tandem repeats. All
of the research chapters in this thesis (Chapters 3, 4, and 5) represent advances
in the field of bioinformatics. Each chapter represents a slightly different field:
Chapter 3 is phylogenetics, Chapter 4 is genomics, and Chapter 5 is biochemistry. The review, Chapter 2, covers biochemistry and quantitative genetics of
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human disease. This introduction briefly covers population genetics and evolution theory.
The research chapters in this thesis use advanced statistics to make novel discoveries. Almost all of the work represented in this thesis involved international
collaboration, and the international collaborations involved in my future directions are discussed in the concluding chapter of this thesis. Using statistics and
biochemistry, this thesis integrates multiple fields of study to investigate variation in the human genome. The research is framed in an evolutionary context
with theory about why and how variation can be selectively beneficial. This
cross-disciplinary research has the potential to improve our understanding of the
human genome and our ability to detect the genetic variants causing human
disease.

1.2

Mutations in the genome

Genomes can mutate in many ways, ranging from large rearrangements to single
nucleotide substitutions. Depending on where they occur, the impact of these
mutations can vary. Mutations also differ in the rate at which they occur. Most
of the genome has a low rate of nucleotide substitution, but some regions of
the genome exhibit higher rates of mutation [Rando and Verstrepen, 2007], and
many of these regions are composed of tandem repeats [Ellegren, 2004, Fondon
et al., 2008, Rando and Verstrepen, 2007]. Due to their high mutation rate and
prevalence in the human genome, tandem repeats are the focus of this thesis. The
analyses in this thesis are limited to tandem repeats composed of short subunits,
often referred to as microsatellites. A detailed definition of microsatellites, their
mutation rates and their genomic significance can be found the review chapter
(Chapter 3). This introduction focuses on why tandem repeats are important
in an evolutionary context, and only requires an understanding that microsatellites are a type of tandem repeat, and that tandem repeats have a high rate of
mutation.
Microsatellites are common in the human genome and have been studied for
many decades. Because of their variability they were initially used as neutral
markers for population genetics studies [Ellegren, 2004]. However, not all microsatellites are selectively neutral, as this thesis will discuss. The functional
significance of microsatellites can sometimes be overlooked, even though these
sequences have the ability to generate a significant amount of variation within
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and between individuals. These mutation hotspots are not just sources of disease, as is seen in genes like the fragile-X mental retardation protein [Verkerk
et al., 1991], but they are also responsible for some of the non-disease differences
present in our highly variable human population [Fondon et al., 2008, Hannan,
2010] (discussed in detail in Chapters 2, 3 and 4).
All tandem repeats mutate rapidly because during DNA replication there is a
relatively high probability that slippage of the DNA polymerase will cause the
number of repeats to increase or decrease [Fondon et al., 2008]. This rate of
change is up to ten thousand times higher than the rate of single nucleotide
mutations [Kelkar et al., 2008, 2011], and these changes are easily reversible
because an expanded tandem repeat is able to contract back to its previous form
[Ellegren, 2004]. So while tandem repeats have a high rate of mutation, this
does not result in the tandem repeat being rapidly destroyed through mutation.
The most common mutations that occur in tandem repeats, expansions and
contractions, do not necessarily cause a reduction in mutability, allowing tandem
repeats to mutate while simultaneously maintaining their mutability.
Microsatellites are prevalent functional regions of the genome (Chapter 4), and
some of the variation present in these sequences can lead to changes in gene
function and gene regulation (Chapters 2, 3, 4 and 5). Therefore, some variation in microsatellites and other tandem repeats can consequently cause variation in phenotypes. This rapid phenotypic change is not always beneficial, and
can cause disease. However, under specific circumstances, such as a fluctuating environment, highly mutable forms of inheritance can theoretically confer a
selective advantage [Donaldson-Matasci et al., 2010, Kussell and Leibler, 2005,
Lachmann and Jablonka, 1996]. Therefore, tandem repeats might be essential
sources of variation [Rockman et al., 2002, Rothenburg et al., 2001b], acting as
“bet-hedging” mechanisms to ensure survival in a changing environment. Much
of this thesis was inspired by the hypothesis that randomly generating variation
in phenotypes can be selectively beneficial. This hypothesis is clarified in the
following section.

1.3

Selection in Fluctuating Environments

Natural selection is traditionally thought to fix specific phenotypes to match a
single environment. Most environments, however, are both variable and unpredictable. Ideally, an organism would match its phenotype to its current environment, but phenotypic plasticity is not always possible. Organisms are then
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stuck with some phenotypes that are selectively disadvantageous because their
environments are in a constant state of flux.
Numerous models suggest that, in a changing environment, bet-hedging can be
selectively advantageous [Cohen, 1967, Donaldson-Matasci et al., 2010, King and
Kashi, 2007, Kussell and Leibler, 2005, Lachmann and Jablonka, 1996, Rivoire
and Leibler, 2011]. One way to bet hedge is to stochastically change phenotypes.
By stochastically switching phenotypes between values that match possible environmental states, long-term fitness can be increased [Kussell and Leibler, 2005,
Lachmann and Jablonka, 1996, Rivoire and Leibler, 2011]. There are a few different bet-hedging models. All of them involve a variable environment, the inability
to detect or respond to environmental change, and an ability to stochastically
switch phenotypes, either within or across generations [Cohen, 1967, DonaldsonMatasci et al., 2010, King and Kashi, 2007, Kussell and Leibler, 2005, Lachmann
and Jablonka, 1996, Rivoire and Leibler, 2011].
The simplest models of bet-hedging traits involve an environment that is changing between two states [Kussell and Leibler, 2005, Lachmann and Jablonka, 1996].
There are two possible phenotypes, each matching one of the two environments.
The organism stochastically switches between these two phenotypes, but the
switching is random (i.e., not in response to any environmental cues). In some
cases, stochastically switching between two phenotypes has a higher long-term
fitness than not switching. Interestingly, some of these models (Kussell and
Leibler [2005] and Lachmann and Jablonka [1996]) have found that the optimal
rate of switching is approximately the rate at which the environment changes.
These models were developed to explain phenotype switching in bacteria, but
they may well be applicable to more complex organisms.
A few mechanisms are known to cause stochastic switching [Rando and Verstrepen, 2007], ranging from noisy gene expression [Acar et al., 2008] to epigenetic modifications such as DNA methylation [Balaban et al., 2004, Rando and
Verstrepen, 2007]. These mechanisms are often limited to one or more specific
regions of the genome. Variation is limited to a single gene so that only specific phenotypes are affected [Kussell and Leibler, 2005]. This ability to generate
variation in specific traits is essential because not all aspects of the environment
change at the same rate. So, if the optimal rates of switching traits are proportional to the rates at which different environmental factors change, then different
traits would require different rates of change [Rando and Verstrepen, 2007]. For
efficient bet-hedging, site-specific mutation is required. Tandem repeats can act
as site-specific sources of mutation.
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Tandem Repeats as Stochastic Switches

Bacteria use tandem repeats to hedge against environmental change [Moxon
et al., 1994]. Bacterial genes that contain these repeats, known as contingency
loci, are toggled between an active and inactive state by frame-shifts caused by
changes in repeat number. These repeats are found in genes which are advantageous under certain conditions but not others, and switching between traits helps
these bacteria to survive a changing environment [Moxon et al., 1994, 2006].
In yeast, tandem repeats can also act as an important source of genetic variation.
Tandem repeats within genes [Gemayel et al., 2010] and in promoter regions can
cause rapid change in specific traits [Vinces et al., 2009]. These repeats are not
found in every gene, and there is a strong bias for promoter tandem repeats to
be found in genes that respond to changing environmental conditions. These
repeats are thought to be selectively advantageous because of the variation they
induce [Vinces et al., 2009]. Some of these tandem repeats may be acting as
bet-hedging mechanisms.
In mammals, while it has been proposed that tandem repeats might act as important sources of genetic variation [King and Kashi, 2007, Rockman et al.,
2002, Rothenburg et al., 2001b], other than a few repeats associated with human diseases (e.g., [Clabough and Zeitlin, 2006]), only a few tandem repeats
have been examined in non-human systems [Fondon and Garner, 2004, Hammock and Young, 2004]. Coding tandem repeats are thought to be important in
the evolution of dog skull morphology [Fondon and Garner, 2004]. In voles, a
cis-regulatory repeat has been shown to directly affect mating behavior in males
[Hammock and Young, 2004]. This research on voles has led to some interesting
work on the same gene in other mammalian species, including humans [BachnerMelman et al., 2005, Knafo et al., 2008, Meyer-Lindenberg et al., 2009, Ukkola
et al., 2009, Walum et al., 2008] (discussed further in Chapter 2). The research
on these repeats partially inspired the work presented in Chapter 3, in which the
conservation of mammalian microsatellites is examined.
Because eukaryotic tandem repeats often modulate traits across a range of values,
instead of just switching them on and off, Kashi et al. [1997] coined the term
“evolutionary tuning knobs” to describe their possible evolutionary function.
The increase in number of potential phenotypes allows for multiple different
environments to be matched. So, although the increase in number of states of
the environment and phenotype violate the assumptions made by the simplest
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bet-hedging models, tandem repeats in eukaryotes might still be acting as “multistate” stochastic switches (i.e., stochastic tuning knobs). bet-hedging can still be
theoretically advantageous in this more complicated scenario [Donaldson-Matasci
et al., 2010].

1.5

Evolution of Tandem Repeats

If tandem repeats improve long-run survival in a changing environment, then
selection may favor their presence at specific locations in the genome. Therefore,
if single nucleotide mutations disrupt a tandem repeat that is acting as a source
of variation, then selection might act against this disruption if it inhibits the
generation of essential phenotypic variation. That is, selection favoring localized
hypermutation would select against alleles that cannot mutate fast enough. This
results in the theoretical possibility for tandem repeats to be conserved at specific
locations in the genome.
This thesis examines the conservation of microsatellite tandem repeats in mammals. Chapter 3 is adapted from a publication [Sawaya et al., 2012b] that
measures this conservation using phylogenetics, allowing us to rank human microsatellites based on the rate at which they are lost from the mammalian phylogeny. Previous work had examined microsatellite conservation, but had not
ranked individual sites by a conservation score [Buschiazzo and Gemmell, 2010,
2009, Mularoni et al., 2010]. Measuring rates of loss on a phylogeny provides a
novel way to interpret conservation of these elements. The standard approach
to conservation, measuring rates of single nucleotide substitution, do not apply
easily to microsatellites because of their high rates of expansion and contraction [Buschiazzo and Gemmell, 2010, Sawaya et al., 2012b]. Chapter 3 advances
this novel approach, and examines the most conserved microsatellites and their
positions in the genome.
As discussed further in Chapter 3, these repeats may be conserved for reasons
other than their ability to generate variation. Regions of the genome, such
as those coding for amino acid repeats, are naturally repetitive and may be
conserved as tandem repeats even if selection does not favor a high mutation
rate [Faux et al., 2007, Simon and Hancock, 2009]. In fact, a high mutation
rate in a coding sequence might be entirely negative because expansion of these
repeats can result in a dysfunctional protein and sometimes disease [Faux et al.,
2007]. Tandem repeats can also cause disease when they are in non-proteincoding regulatory regions. For example an expanded CGG microsatellite in a
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promoter regions causes fragile-X disease [Verkerk et al., 1991]. These and other
tandem repeats have the potential to form various non-standard DNA structures
(see Chapter 2, 4 and 5). As discussed in Chapters 3 and 4, selection for DNA
structure might also result in the conservation of tandem repeats, even if the
variation introduced by length changes in the repeat causes disease.
Not matter why these repeats are conserved, their presence in the genome brings
the possibility for rapid change. This rapid change may sometimes result in diseases like fragile-X disease [Verkerk et al., 1991] but in other cases, this rapid
change may provide important variation for an unpredictable environment. To
cause phenotypic change, a tandem repeat must serve a function in the genome,
and that function must vary as the repeat changes in size. There are multiple ways in which a change in a tandem repeat can affect a phenotype, such
as changing the length of a protein [Faux et al., 2007]. An important way in
which variation in tandem repeats can change phenotypes is through regulatory
changes, which ultimately effect rates of protein production. Changes in DNA
structure are one way in which tandem repeat variation can result in phenotypic
variation because DNA structure can influence gene regulation.

1.6

Tandem repeats and DNA structure

An interesting property of many tandem repeats is their ability to form DNA
structures [Bacolla et al., 2008] that differ from the canonical right handed
double-helix discovered by Watson and Crick in 1953 [Watson and Crick, 1953].
This property gives some tandem repeats unique capabilities, depending on their
composition and position in the genome. The various different DNA structures
that can be formed by some of the most common human microsatellites are discussed in Chapter 2, which is adapted from a chapter published in a book on
tandem repeats [Sawaya et al., 2012a]. This chapter also discusses instances in
which tandem repeats have been associated with various phenotypes, sometimes
resulting in diseases. The alternative DNA structures that can theoretically be
formed by the most commonly studied microsatellites, those composed of AC/GT
repeats and AG/CT repeats, are Z-DNA and H-DNA. These DNA structures are
discussed in detail in Chapter 2.
An important DNA and RNA structure called the G-quadruplex is discussed
only briefly in Chapter 2, but becomes a major focus in Chapters 4 and 5. This
structure, formed in sequences rich with runs of guanine [Menendez et al., 2012,
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Stegle et al., 2009, Todd and Neidle, 2011], has multiple possible functions regulating DNA synthesis [Biffi et al., 2013, Voineagu et al., 2009], gene expression
[Baral et al., 2012, Sawaya et al., 2013, Verma et al., 2009], and polymerase
activity [Beaudoin and Perreault, 2010, Eddy et al., 2011]. Many human microsatellites found in promoter regions have the potential to form this structure,
and this discovery is outlined in a publication [Sawaya et al., 2013] that is based
on the work presented in Chapter 4 of this thesis. This discovery has some
important implications for human gene regulation, and genetic variants within
G-quadruplex forming tandem repeats might result in human phenotypic variation and disease. Recently G-quadruplexes have become recognized as important
structures in vivo [Biffi et al., 2013], but the exact sequences with the potential
to form this structure have yet to be determined. A novel method for exploring
which sequences can form G-quadruplexes is discussed in Chapter 5.

1.7

Implications for Tandem Repeat Variation

Tandem repeats might be a significant source of phenotypic variation in humans,
but have thus far received limited attention for their role in genetic diseases. Currently, most genetic disease studies focus on single nucleotide polymorphisms
(SNPs), and these variants are increasingly cheap to genotype, leading to their
use in genome-wide association studies. These studies have examined multiple traits in humans using very large sample sizes, and have failed to uncover
SNP variants that explain more than a tiny percentage of these traits [Hannan,
2010]. This leaves tandem repeats as a potentially important, yet often under
appreciated, source of the variation in these traits [Hannan, 2010].
However, technical challenges prevent the investigation of tandem repeat variation on a genome-wide scale. The ability of these repeats to form alternative
DNA structures can be problematic for polymerase chain reactions (PCR) and
DNA sequencing [Boan et al., 2004, Han et al., 1999, Mytelka and Chamberlin,
1996, Schwartz and Quake, 2009, Sun and Hurley, 2009, Weitzmann et al., 1997,
Wenzel et al., 2009]. The reason these structures can be problematic is because
polymerase has difficulty moving through regions in which DNA differs significantly for its common B-DNA form [Boan et al., 2004, Han et al., 1999, Schwartz
and Quake, 2009, Sun and Hurley, 2009, Weitzmann et al., 1997]. Considering
that many regulatory regions are rich with sequences that have alternative DNA
structure forming potential [Du et al., 2008, 2009, Verma et al., 2008], many of
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which are composed of tandem repeats (see Chapter 4), these structures must
be considered as sources of error when sequencing the human genome.
To investigate how these DNA structures can influence DNA polymerase activity,
something critical for PCR and some DNA sequencers, Chapter 5 of the thesis
examines the relationship between a few tandem repeats and their kinetics in
the Pacific Biosciences sequencer [Eid et al., 2009, Korlach et al., 2010]. This
sequencer has the potential to not only sequence “impossible” tandem repeats
such as the long CGG repeats known to cause fragile-X disease [Loomis et al.,
2013], it also provides unprecedented potential to examine how DNA structures
can interfere with polymerase activity in real-time at the single-molecule level.
The implications for all of this research are briefly discussed in the concluding
chapter of the thesis, Chapter 6. This chapter also highlights some ongoing
research on microsatellites that is being prepared for publication. With collaborators in Delhi, India, we are examining the potential for a couple of conserved
microsatellite loci to affect body size in humans. There is also more research to
be published examining polymerase kinetics in the Pacific Biosciences sequencer.
And finally, the concluding chapter also discusses some underlying methodological themes present throughout my research. This work examines the human
genome and its evolution at multiple scales. This introductory chapter outlines
how selection, acting over long time scales, can favor localized hyper-mutation.
To examine the conservation of microsatellites, we modeled their evolution as elements in the genome, a larger scale than the single-nucleotide modeling common
to most phylogenetic studies. To measure how tandem repeats are distributed
in the genome, multiple scales are examined. Multiple scales are again examined
when measuring polymerase kinetics. Most of the novel discoveries in this thesis
result form this multi-scale view of DNA and its evolution.
This work is intended to help us further understand the human genome. To
understand the human genome must uncover which variants are responsible for
phenotypic variation in humans, and determine which of those variants cause
disease. We must then examine how and why these variants are resulting in
phenotypic differences. By examining tandem repeats and their ability to form
unusual DNA structures, we can further decode important regulatory regions of
the human genome.
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Contributions from publication co-authors

The chapters of this thesis that were adapted from publications were written with
the help of co-authors listed at the start of each chapter. Their help has been
essential for my research and for these publications. However, although these
individuals helped me with my research and provided feedback on my writing,
this thesis represents my own work. The only part of the thesis which was not
written by me alone is part of the methods section in Chapter 3, covering the
birth-death model and the mixture model. These sections were initially written
by Professor Vladimir Minin and Dustin Lennon, but were subsequently edited
by me before publication, and then further edited for this thesis.
The code used for the analyses presented in this thesis was written by me with
help from Professor Mik Black, except for the code used in Chapter 3 which was
created by Professor Minin and Mr. Lennon. Although I required their help with
the development and application of these phylogenetics, the publication which
was adapted into Chapter 3 was fully led by me. I established the collaborations,
came up with the major concepts for the analyses, interpreted the results, and
wrote the publication, with help in the methods sections discussed in the previous
paragraph.

Chapter 2

Review of promoter
microsatellites and DNA
structure
Modified from the book chapter titled: Promoter microsatellites as modulators
of human gene expression. [Sawaya et al., 2012b]
Published in the book: Tandem Repeat Polymorphisms: Genetic Plasticity, Neural Diversity and Disease (2012), edited by Anthony Hannan

Co-authors on the publication:
Andrew T.B. Bagshaw1 , Emmanuel Buschiazzo2 , Neil J. Gemmell3
[1] Department of Pathology, University of Otago, Christchurch, New Zealand
[2] School of Natural Sciences, University of California, Merced, CA, USA
[3] Centre for Reproduction and Genomics, Department of Anatomy, and Allan Wilson Centre for Molecular Ecology and Evolution, University of Otago,
Dunedin, New Zealand
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My contribution to this chapter
This chapter was written almost entirely myself, with some help from Dr. Bagshaw.
Dr. Buschiazzo and Dr. Gemmell helped me to find some of the relevant literature and to edit the chapter prior to publication.

2.1

Chapter summary

Microsatellites in and around genes have been shown to modulate levels of gene
expression in multiple organisms, ranging from bacteria to humans. Here we will
discuss promoter microsatellites that modulate gene expression, with a few key
examples related to the human brain. Many of the microsatellites we discuss are
highly conserved in mammals, indicating that selection may favor their retention
as “tuning knobs” of gene expression. We will also discuss the mechanisms by
which microsatellites in promoters can alter gene expression as they expand and
contract, with particular attention to secondary structures like Z-DNA and HDNA. We suggest that promoter microsatellites, especially those that are highly
conserved in mammals, may be an important source of human phenotypic variation.

2.2

Introduction

Microsatellites are tandem repeats with a motif length less than 7 base pairs, and
are a common occurrence in both eukaryotic [Toth et al., 2000] and prokaryotic
genomes [Moxon et al., 2006]. When found near a gene’s transcription start
site, i.e. in the “promoter,” microsatellites can increase or decrease levels of
gene expression by expanding and contracting in length, herein referred to as
modulation of gene expression. Here we will review the evidence that human
promoter microsatellites can modulate gene expression. Microsatellite in these
regions can form non-B-DNA structures that regulate gene expression [Kouzine
et al., 2008, Wang and Vasquez, 2007a], and this chapter also reviews some of
these structures.
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Promoter microsatellites across the tree of life

In bacteria, microsatellites are often studied in “contingency loci,” genes that
switch between functional and non-functional states as microsatellites within
coding regions expand and contract [Moxon et al., 2006]. Bacteria tend to have
small genomes, a large proportion of which codes for proteins, thus limiting the
size of their regulatory regions. Nevertheless, there is good support that even
in these tiny organisms, microsatellites in promoter regions can modulate gene
expression [Carson et al., 2000, Martin et al., 2005, Sarkari et al., 1994, Sawaya
et al., 1999].
In yeast, promoter microsatellites have also been shown to be sources of expression variation. Around 25% of Saccharomyces cerevisiae genes contain a tandem
repeat in their promoter. Expansion and contraction of these microsatellites alters chromatin structure, resulting in changes in levels of gene expression [Vinces
et al., 2009]. Microsatellites found in yeast promoters modify nucleosome binding
[Iyer and Struhl, 1995, Vinces et al., 2009]. For example, a microsatellite with the
motif CCGNN has been shown to affect both gene expression and recombination
by altering histone positioning [Kirkpatrick et al., 1999].
Promoter microsatellites have been investigated in multiple different rodent species.
One of the most notable studies was done in the voles Microtus ochrogaster and
M. montannus, where the length of a microsatellite upstream of the vasopressin
1a receptor gene was shown to affect mating behavior and parental care [Hammock and Young, 2005]. In humans, microsatellites upstream of the vasopressin
1a receptor gene are also associated with behavior, although the positions and
compositions of these microsatellites differ from the microsatellites in the rodent
gene [Bachner-Melman et al., 2005, Knafo et al., 2008, Meyer-Lindenberg et al.,
2009, Ukkola et al., 2009, Walum et al., 2008]. In the rat nucleolin gene, the
length of a microsatellite with the motif AC/GT found just upstream of the
transcription start site is associated with levels of gene expression [Rothenburg
et al., 2001b]. Other AC/GT microsatellites in rat promoters have been investigated as general inhibitors of expression, but were not tested for a relationship
between length and expression [Hayes and Dixon, 1985, Naylor and Clark, 1990,
Thomas et al., 1990]. These AC/GT microsatellites are very common in the
human genome and have been postulated to be important modulators of gene
expression in mammals [Rockman et al., 2002, Rothenburg et al., 2001a].
Microsatellites have also been shown to modulate expression in non-model organisms [Streelman and Kocher, 2002, Xu and Goodridge, 1998]. In tilapia, an
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AC microsatellite upstream of the prolactin gene affects salt tolerance [Streelman and Kocher, 2002]. The chicken malic enzyme gene contains a CT/AG
microsatellite that affects expression in a length dependent manner [Xu and
Goodridge, 1998]. The evidence that microsatellites modulate gene expression
in such a wide range of organisms suggests that this phenomenon is common to
all forms of life. Importantly, good support that microsatellites modulate gene
expression comes from research on the human genome.

2.4

Human promoter microsatellites

Several lines of evidence indicate that human promoter microsatellites may serve
important functions. Recent work in bioinformatics provides statistical support
that they can function in promoter regions. Human promoters have a relatively
high density of microsatellites [Vinces et al., 2009]. These promoter microsatellites are often highly conserved and selection appears to be the cause of their
high density in promoter regions [Sawaya et al., 2013].
Support for the importance of promoter microsatellites in humans also comes
from molecular genetics. Promoter microsatellites have been shown to modulate
levels of gene expression through reporter constructs [Agarwal et al., 2000, Akai
et al., 1999, Albanese et al., 2001, Chen et al., 2002, Contente et al., 2002, Gao
et al., 2004, Hough et al., 2008, Itokawa et al., 2003, Ng et al., 2009, Okladnova
et al., 1998b, 1999, Reif et al., 2009, Rife et al., 2009, Roberts et al., 2008, Searle
and Blackwell, 1999, Shimajiri et al., 1999, Valverde and Koren, 1999, Vedrine
et al., 2011, Wang et al., 2005, Yamada et al., 2000, Yim et al., 2006], as well
as quantitative reverse-transcription PCR Funke-Kaiser et al. [2003], Gebhardt
et al. [1999], Knafo et al. [2008].
All of the studies cited above also found associations between phenotypes and
microsatellite length. Other studies have found associations between promoter
microsatellites and human phenotypes but have not directly tested for the ability of these microsatellites to modulate expression (e.g. [Bachner-Melman et al.,
2005, Meyer-Lindenberg et al., 2009, Ukkola et al., 2009, Walum et al., 2008]).
Because of the extensive number of these studies no attempt has been made to
cite them all here. Instead, a few key examples will be provided of promoter
microsatellites in genes that affect the development and function of the human
brain. Importantly, the microsatellites discussed below are conserved in mammals.
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NOS1 promoter microsatellite

NOS1 is an excellent example of a neurological gene that contains a highly conserved promoter microsatellite (Figure 2.1). NOS1 encodes for neural nitricoxide synthase, which generates nitric oxide (NO), an important signaling molecule.
NO is a vaso-relaxant with a short half-life which, in the brain, acts as a rapid
paracrine signal produced in response to increased calcium levels (reviewed in
[Stuehr, 1999]).
Two independent studies have shown that an AC/GT microsatellite 92 base
pairs upstream of a NOS1 transcription start site modulates gene expression,
with longer repeats inducing higher expression levels in reporter constructs [Reif
et al., 2009, Rife et al., 2009]. Carrying a short NOS1 promoter microsatellite is
strongly associated with impulsivity in humans, presumably because of reduced
NO signaling in the brain [Reif et al., 2011, Retz et al., 2010]. These associations
are influenced by environmental factors [Reif et al., 2011] as well as interactions
with levels of platelet monoamine oxidase A [Laas et al., 2010]. Additionally,
knock-out mice lacking NOS1 display aggressive, impulsive behaviors in certain
environments [Nelson et al., 1995]. Taken together, this evidence implicates
NO signaling as an important determinant of impulsivity, and that the highly
conserved microsatellite in the NOS1 promoter can modulate the activity of this
pathway, at least in humans.
The conservation of this microsatellite provides further support that it serves
an important function (Figure 2.1). Intriguingly, in the opossum genome the
AC/GT motif is replaced by the tri-nucleotide motif GTA and an adjacent polyA run has been replaced by a poly-G run in opossum. Both the poly-A and poly
G runs are expected to be hyper-mutable [Kelkar et al., 2008], but have never
been investigated for their affect on gene expression. These microsatellites may
also play a role modulating NOS1 gene expression.

2.6

PAX6 promoter microsatellites

PAX6 is a homeobox gene that is essential for eye and nose development, and
mice lacking PAX6 fail to develop lenses in their eyes and lack nasal cavities
[Grindley et al., 1995]. PAX6 is also expressed at high levels in proliferative zones
in the fetal brain, and is involved in neural development [Larsen et al., 2010].
PAX6 is important for dorsoventral patterning in the forebrain [Stoykova et al.,
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NOS1 Promoter
Human

CATTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTAT-(TG)8-TGTGTGTGTGTTTCCTGATAGAAAAAAAAAAAT

Mouse

CATTGTCTGTGTATGTGT---------------------------TGATTTTTTTTTTTCTGATAGAAAAAAA----T

Dog

CGTGGGGTGTGTGTGTGTGTGTGTGTGTGTGT------------------------TTCCTGATAGGAAAAAAAAA-T

Cow

CATGGGGTGTGTGTGTGTGTGTGTATGTATGTGTGT------------------GTTTCCTGATAGAAAAAAGA---T

Opossum ...............................GTGAGTGAGTGAGTGAGTGAGTGTTTCCTGATGGGGGGGGGGGGGAT

PAX6 Promoter
Human

G-GGACACACACACACACACACACACACACACACACACACACAGAGAGAGAGAGAGAATCCCTCCCAGCATTGGT

Mouse

GAGGACACACACTTGCA--------------------------------------GAATCTCTCCCAGATTGGTC

Dog

GAGGACCCGCGCCC-----------------------------------------GACGCTGCCCCAGCCGCGGG

Cow

GAGCGAGAACGCGCGCGCGCGCGCAACACACACACACACA-(CA)10------------CTCTCCCAGCATTGGT

Opossum CATTCCCCCACCCCCACGCGCTCACACGCACACATTCACCCGCACGCTTCCACTCACACTCGCTCCAGCATTGGC

Figure 2.1: Alignment of the NOS1 and PAX6 promoter microsatellites in 5
mammals.

2000] by limiting cell migration across the cortical-striatal boundary [Chapouton
et al., 1999].
Transcription of PAX6 is initiated from two distinct promoters, one of which is
used primarily in the cerebral cortex [Okladnova et al., 1998a]. Approximately 1
kb upstream of this promoter is a compound (AC)n (AG)n microsatellite [Okladnova et al., 1998b]. While this microsatellite is not highly conserved in mammals,
it can be found in species distantly related to humans, such as cow (Figure 2.1).
This PAX6 promoter microsatellite modulates expression, with longer repeats
displaying higher levels of gene expression in reporter gene assays [Ng et al.,
2009, Okladnova et al., 1998b]. Altering either the (AC)n or the (AG)n motif
individually alters expression levels [Ng et al., 2009], and carriers of high expressing microsatellite alleles are predisposed to myopia [Ng et al., 2009]. PAX6 is
a strong candidate for myopia because of its role in eye development [Grindley
et al., 1995]. Inducing high expression of PAX6 causes eye abnormalities in mice
[Schedl et al., 1996] and SNPs in PAX6 have been associated with myopia in
humans [Han et al., 2009, Jiang et al., 2011].

2.7

Mechanisms of expression modulation

A detailed understanding of the mechanisms by which promoter microsatellites
modulate gene expression remains elusive. Theoretically, there are many ways in
which a change in length of a microsatellite can result in a change in gene expression. The various possibilities are discussed, but the ability for microsatellites to
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form DNA secondary structures is the primary focus. DNA is commonly found
in the standard, Watson and Crick double helix, B-DNA. Non-B-DNA structures
are known to regulate gene expression, and can form in microsatellites composed
of various motifs [Kouzine et al., 2008, Wang and Vasquez, 2007a].

2.8

The AC/TG motif and Z-DNA formation

Z-DNA is a left-handed double helix structure that can form in sequences composed of alternating purine-pyrimidine bases. There are multiple motifs that,
when repeated in a microsatellite, are predicted to form Z-DNA. Of these motifs, only one is found commonly in the human genome, AC/GT [Wang and
Vasquez, 2007a]. These are the 2nd most common microsatellites in the human
genome [Lawson and Zhang, 2008], and are well known to form Z-DNA in vivo
(reviewed in [Wang and Vasquez, 2007a]). Other motifs with Z-DNA forming
potential, such as the motif CG/GC, are very uncommon in the genomes of
mammals [Warren et al., 2008].
Although Z-DNA is a higher energy conformation than canonical Watson-Crick
B-DNA, it can be induced by negative torsional strain (“untwisting”) in supercoiled plasmids [Jaworski et al., 1991] and strong evidence indicates that it can
form on chromosomal DNA in vivo [Wittig et al., 1992, Wolfl et al., 1996]. There
are thousands of regions in the human genome that are predicted to form Z-DNA,
and these sequences appear to be enriched around human promoters [Li et al.,
2009, Schroth et al., 1992].
Z-DNA can form in promoters because promoters commonly encounter negative
torsional strain induced in the wake of a moving polymerase [Kouzine et al., 2008]
or by chromatin remodeling proteins like BRG1 [Liu et al., 2006, Wong et al.,
2007]. Formation of Z-DNA expels bound nucleosomes [Liu et al., 2006, Wong
et al., 2007, Xu et al., 2011, Zhang et al., 2006], opening chromatin and allowing
the binding of regulatory elements [Liu et al., 2006, Xu et al., 2011, Zhang
et al., 2006], such as the TATA-binding protein [Zhang et al., 2006]. Z-DNA can
also block the movement of RNA polymerase when it occurs downstream of the
transcription start site [Peck and Wang, 1985].
Although promoters contain a high density of sequences with Z-DNA forming
potential, conclusive evidence that these sequences are functional as Z-DNA
forming elements has been somewhat elusive. Some of the earliest in vivo evidence for Z-DNA formation in promoters comes from non-microsatellite Z-DNA
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forming sequences [Wittig et al., 1992, Wolfl et al., 1996]. These remarkable
studies probed active nuclei with Z-DNA binding antibodies and found Z-DNA
formation is induced by transcription [Wittig et al., 1991, 1992, Wolfl et al.,
1996].
Other studies have provided less direct evidence. For example, in rat, removal of
AC/GT promoter microsatellites increases levels of gene expression [Hayes and
Dixon, 1985, Naylor and Clark, 1990, Rothenburg et al., 2001b, Tae et al., 1994,
Thomas et al., 1990, Wu et al., 1994]. However, none of these studies tested
for a relationship between microsatellite length and gene expression. Therefore,
although removing these microsatellites increases expression, expansion of the
microsatellite may not necessarily result in decreased expression. In fact, the relationship between AC/GT microsatellite length and expression is not necessarily
so simple.
Of the 24 promoter microsatellites examined for their ability to modulate gene
expression, 17 contain the motif AC/GT Chen et al. [2002], Funke-Kaiser et al.
[2003], Gao et al. [2004], Hough et al. [2008], Itokawa et al. [2003], Knafo et al.
[2008], Ng et al. [2009], Okladnova et al. [1998b, 1999], Reif et al. [2009], Rife
et al. [2009], Searle and Blackwell [1999], Shimajiri et al. [1999], Valverde and
Koren [1999], Wang et al. [2005], Yamada et al. [2000], Yim et al. [2006]. All of
these studies have shown that repeat expansion alters transcription levels, but
longer repeats do not necessarily increase transcription. In fact, some studies
showed that although these sequences modulate expression, there is no simple
relationship between length and expression levels [Gao et al., 2004, Searle and
Blackwell, 1999, Valverde and Koren, 1999, Wang et al., 2005]. Therefore, the
relationship between microsatellite length and gene expression depends on the
gene and the sequence context.
While Z-DNA formation remains the most widely accepted function of these
AC/GT microsatellites, some studies have provided evidence that protein binding may also be involved [Searle and Blackwell, 1999, Shimajiri et al., 1999,
Valverde and Koren, 1999]. These two explanations are not mutually exclusive,
and both may be occurring [Wang and Vasquez, 2007a]. However, there are only
a few Z-DNA binding proteins found in humans, none of which have been shown
to act as transcription factors [Wang and Vasquez, 2007a]. Additionally, Z-DNA
formation is transitive and very brief [Kulish et al., 2007]. So although Z-DNA
formation can alter local protein binding [Liu et al., 2006, Xu et al., 2011, Zhang
et al., 2006], Z-DNA is unlikely to be a common binding site for transcription
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FLI1 5’ UTR
Human

AGAGCTCGAGGCGAGAGAGAGAGAG-(AG)17-AGAGATAGGACTTCCTCCC

Mouse

AGA---------GAGAGAGAGAGAG-(AG)17-AGAGATAGGACTTCCTCCC

Dog

AGAGCGCGAGACAGAGAGAGGAGAG-(AG)9-AGAGAATAGGACTTCCTCCC

Cow

....................................................

Opossum GAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGATAGGACTTCCTTTC

HMGA2 5’ UTR
Human

TTTCAATCTCAATCTCTTCTCTCTCT-(CT)13-CTCTCTCTCTCTCTCTCTCTCGCAGGGTGGGGGG

Mouse

TTCTGTCTCTTTGTCTCTGTCTCTCTCTGAGTTTCTGTCTCTGTCCTCTCTCTCCCTCTGGGGTGGGG

Dog

....................................................................

Cow

TT--ATTTGTTTTCTCTCTCTTTCTCTTTCTTGCTC------GCGAGCGCGGAGCGGGGGGGAAGAGG

Opossum TTTCTTTTCTTTCTTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTTTCTT

Figure 2.2: Alignments for two potential H-DNA forming microsatellites in
the 5’ UTR of FLI1 and HMGA2.

factors in human promoters. However, this does not rule out the GT/CA microsatellites as potential transcription factor binding sites, and proteins may bind
these sequences as they transition between B-DNA and Z-DNA.
In summary, the alteration of Z-DNA forming potential as AC/GT microsatellites expand and contract is a widely accepted mechanism by which gene expression can be modulated [Rockman et al., 2002, Rothenburg et al., 2001a]. Because
Z-DNA blocks RNA-polymerase [Peck and Wang, 1985], increased Z-DNA formation downstream of the transcription start site is expected to inhibit levels of
expression. When found upstream, Z-DNA formation can alter the accessibility
of transcription factor binding sites [Liu et al., 2006, Wong et al., 2007, Xu et al.,
2011], which could theoretically increase or decrease transcription, depending on
the context. Because of their frequency in the human genome, especially in promoter regions [Lawson and Zhang, 2008], these AC/GT microsatellites may be
responsible for a significant proportion of human expression variation [Rockman
et al., 2002].
Note that although the motif differs between mammals for the HMGA2, all of
these motifs have H-DNA forming potential.

2.9

The CT/AG motif and H-DNA formation

DNA sequences composed of poly-purine/poly-pyrimidine mirror repeats are capable of forming H-DNA, a DNA triplex structure that, like Z-DNA, can form
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under negative torsional strain [Johnston, 1988]. When H-DNA forms in promoters, it can act as a functional element and affect gene expression [Amiri
et al., 2005, Kohwi and Kohwi-Shigematsu, 1991, Maiti and Brahmachari, 2001,
Motallebipour et al., 2010].
Microsatellites with the motif CT/AG are capable of forming H-DNA [Kouzine
et al., 2008]. Additionally, when in its B-DNA form, CT/AG microsatellites
are a binding site for the GAGA factor, a chromatin remodeling transcription
factor originally discovered in Drosophila [Lu et al., 1993]. Replacing Drosophila
CT/AG microsatellites with other sequences that have H-DNA forming potential
does not induce similar levels of expression, suggesting that GAGA binding is
the primary function of these sequences [Lu et al., 2003]. Although a vertebrate
homolog for the GAGA factor has recently been discovered [Matharu et al., 2010],
the extent to which it binds CT/AG microsatellites is undetermined.
In vertebrates, there is good evidence to suggest that CT/AG microsatellites can
function as H-DNA forming elements [Beaulieu et al., 1997, Han and de Lanerolle,
2008, Rustighi et al., 2002, Xu and Goodridge, 1998]. As CT/AG microsatellites
expand, they increase DNAse sensitivity, likely by increasing H-DNA forming
potential [Beaulieu et al., 1997, Han and de Lanerolle, 2008, Xu and Goodridge,
1998]. By altering chromatin structure, these microsatellites can alter levels of
expression when found in promoters [Beaulieu et al., 1997, Han and de Lanerolle,
2008,?, Xu and Goodridge, 1998]. For example, a CT/AG microsatellite 200 base
pairs upstream of the smooth muscle myosin light chain kinase gene induces
high levels of gene expression when it expands [Han and de Lanerolle, 2008]. A
similar change in expression is seen when a CT/AG microsatellite upstream of
the chicken malic enzyme gene expands [Xu and Goodridge, 1998].
A well studied example of a regulatory CT/AG microsatellite is in the 5’ UTR
of the FLI1 gene. This microsatellite is believed to form H-DNA [Beaulieu et al.,
1997], and is conserved between humans and mice [Morris et al., 2010, Nowling et al., 2008] as well as other mammals (Figure 2.2). Expressed in white
blood cells, FLI1 regulates immune activity, and expression is highest when the
microsatellite is short [Morris et al., 2010, Nowling et al., 2008]. High levels of
FLI1 expression cause renal disease in mice [Zhang et al., 1995]. There is no clear
benefit to the modulation of FLI1 expression, and the evolutionary function of
this microsatellite is unclear. Nevertheless, this microsatellite is well conserved
in mammals (Figure 2.2).
Another example of a conserved microsatellite with H-DNA forming potential
is found in the 5’ UTR of the gene HMGA2 [Rustighi et al., 2002]. Changes in
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the length of this microsatellite alter gene expression [Borrmann et al., 2003]. In
mice, knocking out HMGA2 results in a pygmy phenotype [Zhou et al., 1995],
and the length of this microsatellite is associated with height in humans [Hodge
et al., 2009]. Additionally, SNPs in this gene are very strongly associated with
height, and HMGA2 is one of the top candidate genes for height according to a
recent meta-analysis of genome-wide association studies [Lanktree et al., 2011].
This gene appears to be a major determinant of human growth [Lanktree et al.,
2011], but more work needs to be done to determine the extent to which its 5’
UTR microsatellite modifies height and weight, such as association studies and
examination in model organisms.
The HMGA2 microsatellite has different motifs in different mammals (Fig 2). Intriguingly, all of these motifs are poly-pyrimidine, and have the potential to form
H-DNA. For example, the cow HMGA2 gene contains a trinucleotide CTT/GAA
motif, and the opossum contains the tetranucleotide CTTT/GAAA motif. The
presence of these motifs supports the hypothesis that H-DNA serves a functional
purpose in this region.
In summary, H-DNA forms under negative torsional strain, and modifies the surrounding chromatin structure. Longer CT/AG microsatellites form H-DNA more
readily [Beaulieu et al., 1997, Han and de Lanerolle, 2008, Xu and Goodridge,
1998], and expansion of these microsatellites may also affect the rate at which
H-DNA can form. Increased H-DNA formation in the 5’ UTR may decrease
expression if it interferes with transcription, as is seen in the FLI1 promoter
[Morris et al., 2010, Nowling et al., 2008]. Conversely, expression may increase
if H-DNA formation induces an open chromatin structure that is favorable for
transcription.
The binding of GAGA factor proteins to these microsatellites further complicates the relationship between CT/AG length and gene expression. Expression
assays and other experiments are needed to determine the exact mechanisms by
which promoter CT/AG microsatellites modulate gene expression in the human
genome. Furthermore, researching other H-DNA forming microsatellites, such
as CTT/GAA, which do not bind GAGA factor, will help elucidate the function
of H-DNA in promoters.
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The A/T motif and nucleosome positioning

Microsatellites composed of the motif A/T (herein poly-A repeats) are the most
common microsatellite in the human genome [Lawson and Zhang, 2008] and
are determinants of nucleosome positioning. Poly-A repeats form rigid DNA
structures [Suter et al., 2000] that, when wrapped around a histone octamer,
disrupt nucleosome binding [Shimizu et al., 2000]. This disruption increases the
probability that poly-A repeats will be nucleosome free [Bao et al., 2006]. While
the majority of work on poly-A repeats has been done in yeast, these general
results apply to all eukaryotes including humans [Segal and Widom, 2009].
When found in yeast promoters, poly-A repeats increase gene expression bidirectionally Struhl [1985]. This effect is more pronounced for longer repeats [Iyer
and Struhl, 1995]. Their effect on gene expression is independent of transcription
factor binding [Wu and Li, 2010], making poly-A repeats a general mechanism
by which gene expression can be modulated. However, we are unaware of any
research on the effect that these microsatellites have on human gene expression.
Given the prevalence of this motif in the human genome, including promoters
[Lawson and Zhang, 2008], these microsatellites are potentially an important
source of unexplored variation in human gene expression.

2.11

Other motifs and mechanisms of expression modulation

There are many microsatellite motifs found in the human genome, and so far the
discussion has focused on common motifs that have been well studied. There
are many motifs that have not been studied in depth, but that can be found
in promoters. For example, microsatellites with the motif AT/AT are relatively
common in the human genome, but we can only find one example where this motif modulates human gene expression [Uhlemann et al., 2004]. In this example,
expression levels cycled between high and low levels with a period of approximately 10 base pairs, suggesting that this microsatellite modulates expression by
altering the orientation of, and space between, surrounding binding sites [Uhlemann et al., 2004]. This highlights an important general mechanisms by which
all microsatellites can modulate gene expression, as minor changes in spacing
between different binding sites can affect transcription rates [Spek et al., 1999,
Vardhanabhuti et al., 2007].
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Microsatellites with longer motifs can also function as promoter elements [Ebihara et al., 2003, Levine, 1997]. For example, a penta-nucleotide repeat upstream
of the PIG3 gene interacts directly with p53, an important tumor suppressor
[Levine, 1997]. Also, the length of a tetra-nucleotide repeat upstream of the
human cholecystokinin gene is associated with variation in gene expression and
panic disorder [Ebihara et al., 2003]. Although longer motif microsatellites have
a lower rate of expansion and contraction [Kelkar et al., 2008], they may nevertheless serve as sources of phenotypic variation in the human genome.
Other motifs are discussed in detail in other chapters in this thesis, and will only
be mentioned here briefly. Of particular interest is the motif CCG/CGG, which
is involved in fragile-X syndrome. This motif can form secondary structures that
involve Hoogsteen base pairing, such as G-quadruplex (G-4) DNA [Darlow and
Leach, 1998]. These structures can act as activators or repressors of gene expression, depending on their context [Qin and Hurley, 2008], and some transcription
factors target G-4 DNA structures as binding sites [Shklover et al., 2010]. This
motif has also been shown to modulate levels of expression when found upstream
of a gene’s transcription start site [Roberts et al., 2008]. The interaction between
this repeat and polymerase is investigated in Chapter 4 of the thesis
Another motif capable of forming G-4 DNA is GGA/TCC [Matsugami et al.,
2001]. In the c-myb gene, repression of transcription in a reporter construct
is alleviated when the number of GGA/TCC repeats falls below the threshold
required for quadruplex formation [Palumbo et al., 2008]. This motif is known to
be an important regulator of gene expression [Hafner et al., 1995] and is capable of
binding the transcription factor Sp1 [Chamboredon et al., 2003]. However, while
GGA/TCC microsatellites appear to serve as functional promoter elements, more
work needs to be done to determine whether naturally occurring polymorphisms
in these microsatellites are responsible for variation in gene expression.

2.12

Interaction between motifs

Because torsional strain is responsible for secondary structure formation in microsatellites, the interaction between adjacent microsatellites should not be ignored. Absorption of negative torsional strain by one microsatellite can prevent
secondary structure formation in the surrounding region. For example, a long
microsatellite with the motif (CCTG/CAGG)n can form slipped strand structures that interfere with transcription and are associated with myotonic dystrophy. These harmful structures are prevented with the expansion of an adjacent
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Gene

Motif

Relative position

NOS1
PAX6
FLI1
HMGA2

(AC)n
(AC)n -(AG)n
(AG)n
(AG)n

-92
-955
+49
+279

24
∆ expression for
long microsatellites
increase
increase
decrease
increase

Table 2.1: Details for conserved microsatellites shown in the chapter.

The table contains the name of the gene, standardized motif of the
microsatellites, position of the microsatellite relative to the transcription start
site, change in gene expression for expanded microsatellites, and reference
number.

AC/GT microsatellite because Z-DNA formation can absorb the torsional strain
that causes the strands to slip Edwards et al. [2009]. Theoretically, absorption
of torsional strain by Z-DNA may also affect the formation of other secondary
structures, such as H-DNA and G-4 DNA.
When microsatellites are directly adjacent to each other, like the compound
(AC)n -(AG)n microsatellite found in the PAX6 promoter, the effect of the expansion of one motif may affect the structure and function of the adjacent motif
[Ng et al., 2009, Okladnova et al., 1998b] Investigating compound microsatellites,
or microsatellites that are near other microsatellites will improve our understanding of structural interactions. However, the potential for motif interaction
complicates interpretation of experimental results.

2.13

Conclusion

Microsatellites have been shown, in multiple species, to modulate levels of gene
expression as they expand and contract. This evolutionary tuning of gene expression may serve a beneficial role. Some microsatellites have been conserved in
vertebrates over long evolutionary time periods [Buschiazzo and Gemmell, 2010],
such as those discussed in this chapter (Table 2.1) and Chapter 3. Some of these
microsatellites may be conserved for their regulatory capabilities. Here we have
provided multiple examples of well-studied, conserved promoter microsatellites
that appear to be modulating phenotypes in humans. Investigating other conserved promoter microsatellites will help determine whether microsatellites can
be conserved as sources of variation in gene expression.
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3.1

Chapter Summary

Microsatellites make up around 3% of the human genome, and there is increasing evidence that some microsatellites can have important functions and can be
conserved by selection. To investigate this conservation, we performed a genomewide analysis of human microsatellites and measured their conservation using a
binary character birth-death model on a mammalian phylogeny. Using a maximum likelihood method to estimate birth and death rates for different types of
microsatellites we show that the rates at which microsatellites are gained and
lost in mammals depend on their sequence composition, length and position in
the genome. Additionally, we use a mixture model to account for unequal death
rates among microsatellites across the human genome. We use this model to
assign a probability-based conservation score to each microsatellite. We found
that microsatellites near the transcription start sites of genes are often highly
conserved, and that distance from a microsatellite to the nearest transcription
start site is a good predictor of the microsatellite conservation score. An analysis
of gene ontology terms for genes that contain microsatellites near their transcription start site reveals that regulatory genes involved in growth and development
are highly enriched with conserved microsatellites.
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Introduction

The previous chapter of this thesis (Chapter 2) discussed how phenotypes can
be modulated by microsatellites, such as the mating behavior of voles [Hammock and Young, 2004] and the morphology of dogs [Fondon and Garner, 2004].
These and other microsatellites may be acting as important sources of phenotypic variation [Fondon et al., 2008, Hannan, 2010, Rando and Verstrepen, 2007],
potentially acting as bet-hedging mechanisms [Rando and Verstrepen, 2007].
Bet-hedging, discussed in the introduction in Chapter 1, involves stochastically
switching phenotypes, and can be optimal when the environment is uncertain
[Donaldson-Matasci et al., 2010].
To determine which human microsatellites may be of functional significance,
one can take a comparative genomics approach and search for highly conserved
mammalian microsatellites. Similar approaches have uncovered other types of
functional elements in the human genome [Guttman et al., 2009, Siepel et al.,
2005]. These approaches modeled genome evolution at the nucleotide level, and
searched for regions in which nucleotide bases have been highly conserved. However, models at the nucleotide level are not easily applied to microsatellites,
because nucleotide substitutions are frequently shuffled around, duplicated or
lost as microsatellites expand and contract. The complex history of nucleotide
substitutions combined with motif insertions and deletions make alignment of
microsatellites very inaccurate. Therefore, typical measures of sequence conservation that involve the rates of nucleotide substitution are not easily applied to
microsatellites [Buschiazzo and Gemmell, 2010]. Although modeling microsatellite evolution at the nucleotide level is possible [Faux et al., 2007], such modeling
efforts rely on strong assumptions about sequence evolution that do not apply
to the entire genome.
To avoid modeling the complex nucleotide changes that occur in microsatellites,
previous studies have considered microsatellites as simply present or absent from
a given genome [Buschiazzo and Gemmell, 2010, 2009, Mularoni et al., 2010]
with the working assumption that the presence of a microsatellite at orthologous
positions indicates that the sequence has been conserved. Using this assumption,
these approaches have uncovered microsatellites that have been highly conserved
across vertebrate genomes [Buschiazzo and Gemmell, 2009, Mularoni et al., 2010].
For example, Buschiazzo and Gemmell [2009] uncovered microsatellites shared
among different vertebrate clades, indicating that these repeats were present
in the vertebrate genome prior to the split of these clades 450 million years
ago. While that study laid the groundwork for our current analysis, this earlier

Chapter 3. Measuring Microsatellite Conservation

28

approach did not strictly measure microsatellite conservation. Rather, it only
uncovered a sub-set of human microsatellite believed to have been present early
in vertebrate evolution. Therefore, the work of Buschiazzo and Gemmell [2009]
and similar studies [Mularoni et al., 2010, Riley and Krieger, 2009b] did not
attempt to quantify relative conservation of microsatellites.
To provide a measure of microsatellite conservation in mammalian genomes, we
conducted a phylogenetic analysis of data from Buschiazzo and Gemmell [2009]
that contain virtually every single-copy human microsatellite and its presence or
absence in alignments of the human genome with 11 other mammalian genomes.
An example alignment of a conserved microsatellite is shown together with the
phylogeny used in our analysis (Figure 3.1). We modeled microsatellite evolution
as a birth-death process on this fixed phylogeny, where birth-death indicates the
gain-loss of microsatellites at a given locus. The birth-death process is useful
here because it reduces the number of possible states for each locus to simply
present or absent. Expanding the number of states in our model by including
microsatellite length would require a detailed model of microsatellite mutation,
and these models can be rather complex (e.g., Calabrese et al. [2001], Kelkar
et al. [2011]). Ultimately, we are interested in measuring the conservation of
microsatellites of any length, and therefore detailed models of microsatellite expansion and contraction may be unnecessarily complex for our purposes.
We used two different birth-death models to better understand microsatellite
evolution. Our simplest model assumed that birth and death rates are equal
across microsatellite loci and uses the maximum likelihood (ML) method to
estimate these rates of microsatellite gain and loss [Felsenstein, 1981]. We found
that the rate at which a microsatellite is lost depends on its position, length and
sequence composition. Our second approach used a phylogenetic mixture model
that assumes that death rates vary among loci [Cohen and Pupko, 2010, Yang,
1994]. The mixture model allowed us to rank individual microsatellites by their
probability of belonging to the lowest death rate class. We used this probability
as a measure of microsatellite conservation on a genomic scale.

3.3
3.3.1

Materials and Methods
Microsatellite Data

Our data set was obtained from Buschiazzo and Gemmell (2010, [Buschiazzo and
Gemmell, 2010]) and is based on the identification of conserved microsatellites in
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IGF-1 Promoter Microsatellite

human

TAACTCAAACCTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTATGACAGAGGGAGTCTGTGTG

chi mp

TAACTCAAACCTGTGTGTGTGTGTGTGTGTGTGTG------------------TGACAGAGGGAGTCTGTGTG

rhesus

0.1

rat

TAACTCAAACCTGTGTGTGCGTGCCTGTGTGTGTGTG-----------------------------------TAAGTGTG---TGTGTGTGTGTGTGTTTGTGTGTGTGAGTGTGTGTGTGTGAGTGAGTGTGAGTGTGTGTGTG

mouse TAAATGAG---TGTGTGTGTGTGTGTTTGTGTGTATGTGTGCATGCATGCATATGTGTGTGTGTGTAAGTGTG
rabbit

AAACTGGAACCTCTGTGTGTGTGTGT----------------------------------GTGCGTGTGTGTG

dog

TAGCTTGAACATGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG------------------------------

cow

TAACTTGAACCTGTGTGTGTGTGTGTGTGTGTGTATTTGTGTGTGTGTGCACATGA-----------------

armadillo

TAACCTGCACCTGTGTGTATGTGAGTGTGTGTCTGTGTGTGTGTCA---------------------------
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-------------------------------------------------------------------------
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opossum
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Figure 3.1: Conservation of a promoter microsatellite.

A) Phylogeny of mammalian species used in our analyses. Branch lengths are
measured in average number of substitutions per 4 fold degenerate site. B)
An example of a highly conserved microsatellite (highlighted in yellow) uncovered by the birth-death mixture model. This GT-motif microsatellite is found
approximately 800 base pairs upstream of the insulin growth factor 1 (igf1 ) transcription start site. C) Generic examples of other patterns of highly conserved
loci (i.e., presence/absence pattens on the phylogeny for sites that we determined
to be highly conserved). The + and − symbols represent present and absent,
respectively.
the publicly available alignment of the human genome against 16 other species
(available from the UCSC website at:
ftp://hgdownload.cse.ucsc.edu/goldenPath/hg18/multiz17way/).

Briefly, a microsatellite was considered present in another species if a microsatellite in that species overlapped with the human microsatellite in the alignment
[Buschiazzo and Gemmell, 2010]. Microsatellites in transposable elements were
not included in this original analysis, and are thus absent from our data set.
Microsatellites in this set are made of 1-6 bp motifs, and are at least 12 nucleotides in length for mono-, di-, tri- and tetranucleotide repeats and three
perfect repeats for penta- and hexanucleotide repeats. These parameters were
based on definition of microsatellites found in the literature (details in Buschiazzo and Gemmell [2010, 2006, 2009]). These length thresholds are predicted to
have rates of expansion and contraction high enough to be polymorphic within
a species [Kelkar et al., 2008]. We excluded human microsatellites that were
closer than 25 bp to other microsatellites. The distance of 25 base pairs was initially chosen to allow for the design of unique polymerase chain reaction primers.
Additionally, these microsatellites are known to behave differently than simple
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microsatellites [Varela and Amos, 2009], and cannot always be classified by a
single motif.
We categorized microsatellites by their length, motif and functional position
(coding, intron, 3’ and 5’-UTR, intergenic) in the human genome, as in Buschiazzo and Gemmell [2010]. In our analysis, drawing reasonable conclusions from
subsets of the data relies on the assumption that this categorization accurately
represents the locus on the rest of the phylogeny. For example, if the human
microsatellite is included in a coding region, the locus was categorized as coding
and we assumed that this categorization was, for the most part, valid across the
phylogeny. While this assumption is not entirely accurate, especially for distantly related species, it allowed us to make some inferences about, and control
for, the effect of motif, length and position on microsatellite conservation.
Some microsatellites overlap the boundaries between two regions. We limited
the categorization of these loci to a single position by prioritizing the regions
with the longest overlap or, if there was an even overlap between two regions,
we used a preferential site localization: coding > 5’-UTR > 3’-UTR > intron
> intergenic regions. For example, a microsatellite which evenly spans a coding
and intron boundary would be considered coding.
We restricted our analyses to just the 12 mammalian genomes in the data set
(see Figure 3.1) to avoid possible complications from genome expansions and
duplications that have occurred outside of the mammalian clade, and to avoid
inaccuracies driven by alignments of distantly related species [Buschiazzo and
Gemmell, 2010, Prakash and Tompa, 2007]. Note that these inaccuracies are
only significant in non-mammalian alignments [Buschiazzo and Gemmell, 2010].
We also excluded microsatellites found in human sex-chromosomes because, on
average, these chromosomes undergo different numbers of replication events per
generation. Under these restrictions, our data set has a total of 538,964 human microsatellites and records their presence or absence in 11 other aligned
mammalian genomes (Figure 3.1).

3.3.2

Assumed Phylogeny

The 12-species phylogeny with corresponding branch lengths was taken from
Miller et al. [2007]. This tree was generated using substitutions in 4-fold degenerate sites in coding regions, established as protein-coding by ENCODE [Miller
et al., 2007]. Because branch lengths were measured in expected number of
substitutions per site, our estimated microsatellite birth and death rates are
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measured in gains and losses per substitution per 4-fold degenerate site. Measuring tree branches using “evolutionary time” allows us to control for variable
rates of evolution across branches.

3.3.3

Birth-Death Model with Homogeneous Rates

Starting with n = 12 species and s microsatellite loci, we represented microsatellite absence/presence data as a matrix, y = {yij }, where i = 1, . . . , n,
j = 1, . . . , s, yij ∈ {0, 1}, 0 = absence, and 1 = presence. We assumed that
the matrix columns, corresponding to microsatellite loci, were independent and
identically distributed (iid) and that evolution of each microsatellite absence/presence followed a continuous-time Markov chain (CTMC) on the state space
{0, 1} with infinitesimal generator

Q=

−λ

λ

µ

−µ

!
,

where λ and µ are birth and death rates respectively. This birth-death process
starts with some initial distribution ν = (ν0 , ν1 ) at the root of the phylogeny
F and proceeds down the phylogeny in such a way that, conditional on the
absence/presence state of each internal node of F , the microsatellites die and get
(re)born independently in the two clades descending from this node. We assume
that the root distribution is equal to the stationary distribution of the birth-death
CTMC: ν = (µ/(λ+µ), λ/(λ+µ)). We then used Felsenstein’s pruning algorithm
to compute the probability of observing microsatellite absence/presence data at
the tips of the phylogeny F for each locus i:
f (y; λ, µ) = Pr(yi ; λ, µ),
where yi = (y1i , . . . , yni )T [Felsenstein, 1981]. In our analysis, we considered
only microsatellites that are present in the human genome. Following Felsenstein
[1992], we corrected this ascertainment bias by conditioning on the event that
the human tip in our phylogeny is always in state 1, {h = 1}:
Pr(yi | h = 1; λ, µ) =

Pr(yi ; λ, µ)
.
Pr(h = 1; λ, µ)

Under our stationarity assumption at the root of the phylogeny, Pr(h = 1; λ, µ) =
λ/(λ + µ). The assumed iid property of microsatellite loci implies that the
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likelihood of observing matrix y is
L(y; λ, µ) =

s
Y

Pr(yi | h = 1; λ, µ).

i=1

We obtained maximum likelihood estimates of birth and death rates, λ̂ and µ̂,
by numerically maximizing the above likelihood with respect to λ and µ using
custom C++ and R code. In order to arrive at category-specific estimates (e.g.
coding region birth and death rate estimates), we formed a category-specific
data matrix y by only including loci that belong to a category of interest into
this matrix. We used asymptotic normality of maximum likelihood estimators
and the observed Fisher information matrix to construct confidence intervals for
birth and death rates.

3.3.4

Birth-Death Mixture Model

To model birth-death rate heterogeneity across microsatellite loci, we used a simplified version of one of the mixture models proposed by Cohen and Pupko [2010],
which in turn are slight modifications of the standard phylogenetic Gamma mixture model [Yang, 1994]. Our mixture model postulates that each locus i has
a locus-specific death rate µi , which is obtained by multiplying some unknown
baseline rate µ by a scaling factor ri : µi = µri . The locus-specific scaling factors
themselves are assumed to be iid and follow a Gamma distribution:
ri ∼ Gamma(α, α), for i = 1, . . . , s,
where α is an unknown shape parameter. In practice, such continuous mixture
models are approximated via discretization [Yang, 1994]. More specifically, we
assumed that there were three death rate scaling factors, corresponding to low,
medium, and high conservation of microsatellite loci. Then we formed scaling
factors r1 , r2 , r3 by discretizing the Gamma(α, α) distribution. These scaling
P
factors were normalized so that 3j=1 rj = 1. Using locus probabilities from the
homogeneous birth-death model, we wrote the probability of observing locus i
under the mixture model as
3

Pr(yi ; λ, µ, α) =

1X
f (yi ; λ, µrj ).
3
j=1
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To correct for the ascertainment bias, we rescaled the above expression by the
probability that the human tip of the tree is in state 1:
Pr(yi | h = 1; λ, µ, α) =

Pr(yi ; λ, µ, α)
.
Pr(h = 1; λ, µ, α)

As before, we formed the likelihood by multiplying locus probabilities,
L(y; λ, µ, α) =

s
Y

Pr(yi | h = 1; λ, µ, α),

i=1

and maximized this likelihood function to arrive at estimates of birth rate, baseline death rate and the shape parameter of the Gamma distribution: λ̂, µ̂, and
α̂. As before, the maximization was done numerically using custom code. In
principle, we could also assume variability in the birth rate as in Cohen and
Pupko [2010]. However, microsatellites get (re)born very infrequently, making
our data much less informative about the birth rate than about the death rate.
Motivated by this observation and by the fact that death rate is our main parameter of interest, we chose to keep the birth rate equal across microsatellite
loci.
Estimation of birth-death mixture model parameters allowed us to assign each
locus i a probability triplet p̂ = (p̂i1 , p̂i2 , p̂i3 ), where
p̂ij =

1
3

f (yi ; λ, µrj )
.
P3
l=1 f (yi ; λ, µrl )

We quantified conservation of microsatellite locus i based on its probability of
belonging to the highly conserved class, p̂i1 .

3.3.5

Enrichment Analysis

After estimating parameters of the birth-death mixture model, we chose a cutoff value 0 < c < 1 and classified each locus i as highly conserved if p̂i1 > c.
Suppose this procedure finds x highly conserved loci out of all s loci under
consideration. We would like to know if a particular category of microsatellites,
A (e.g., loci located in coding regions), are enriched in the set of highly conserved
loci. We proceed with standard enrichment analysis based on a hypergeometric
distribution [Huang et al., 2009, Tavazoie et al., 1999]. Suppose a out of all s
loci belong to the category A. Moreover, we find that our set of highly conserved
loci contains z < a loci in A. Under the null hypothesis of sampling x loci from s
loci uniformly at random, the random number of sampled loci that are in A, X,
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follows a hypergeometric distribution with parameters s, a, x. We computed the
enrichment p-value as Pr(Z ≥ z) using the statistical computing environment R
[R Core Team, 2013].

3.3.6

Genomic Regions Enrichment of Annotations Tool

The enrichment of Gene Ontology terms, a method for classifying proteins [Ashburner et al., 2000], for highly conserved microsatellites around transcription
start sites was done using the Genomic Regions Enrichment of Annotations Tool,
version 1.7.0, species assembly hg18 (GREAT; [McLean et al., 2010]). Briefly,
this tool tests for an association between gene ontology terms and genes which
contain input sequences, in the form of a genomic position, in their promoter
region. We used distances of 2,000 base pairs from the transcription start site,
upstream and downstream, as our “promoter” region. GREAT also provided
the distance from all of our microsatellites to the nearest canonical transcription
start site. We did not include curated regulatory domains or distal regulatory
regions in the analysis.

3.3.7

Linear Regression

We applied a linear regression model to investigate the relationship between
our conservation score and other factors associated with each locus. We only
examined microsatellites that were at least 5000 base-pairs from the canonical
transcription start site, as provided by GREAT, for a total of 38,432 loci. The
covariates used in this analysis were absolute distance to the nearest canonical
transcription start site in base pairs, motif (284 different types), length in the
human genome and position in functional region (five different types: coding, 3’
and 5’-UTR, intronic, and intergenic). As our conservation score for each locus,
we used the logit of the probability of belonging to the lowest death rate class.
Keeping the identifiability constraints in mind, we estimated 290 regression coefficients in R [R Core Team, 2013]. To overcome the multiple testing problem while testing which of the coefficients are non-zero, we controlled the False
Discovery Rate (FDR, [Benjamini and Hochberg, 1995]) using the R package
fdrtool and computed the FDR q-value for each regression coefficient [Strimmer, 2008].
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Figure 3.2: Maximum likelihood rates for subsets of the data

ML birth and death rate estimates for different subsets of the data: coding
regions, intronic regions, intergenic regions, 3’ and 5’-UTR, and microsatellites
in all of these regions composed of the motifs A, AC and AT. The point labeled
“All loci” is the birth and death estimate for the entire data set. Confidence
intervals for these estimates were too narrow to be added to the figure.

3.4
3.4.1

Results
Global Birth-Death Rate Estimates

Under the assumption of homogeneous rates, the ML estimation of the death
rate was 8.59 ±0.03 deaths per nucleotide substitution at 4-fold degenerate sites
per microsatellite (hereafter all rates mentioned use this metric). This result
indicates that microsatellites are, on average, lost more rapidly than the rate
at which substitutions occur. The ML estimate for birth rate was 0.169 ±0.03.
This is best interpreted as a locus specific rate of (re)birth.

3.4.2

Locus Categorization by Genomic Position and Motif

We categorized microsatellites by their motif and position in the human genome:
coding regions, 3’ and 5’-UTR, introns and intergenic regions (Table 3.1). This
categorization allowed us to measure rates for different types of microsatellites.
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All loci
Intronic
Intergenic
Coding
5’-UTR
3’-UTR
A
AC
AT

# of loci

% of loci

538,964
225,162
300,042
4,968
2,516
6,276
104,373
91,786
37,219

100%
41.8%
55.7%
0.9%
0.4%
1.1%
19.3%
17.0%
6.9%

# cons.
loci
7,557
2,412
3,315
961
245
624
772
2,257
213
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% of cons.
loci
100%
31.9%
43.8%
12.7%
3.2%
8.3%
10.2%
29.9%
2.8%

enrich.
p-value
1.0
1.0
10−772
10−122
10−319
1.0
−168
10
1.0

Table 3.1: Enrichment of categories in the highly conserved microsatellite
set.

The number of loci in each category is given, along with the number of loci
found in the highly conserved set (“cons. loci”). Enrichment p-values were
calculated under a hypergeometric test.
The ML death rate estimates for microsatellites in coding regions, 3’ and 5’-UTR
were all relatively low (Figure 3.2). Microsatellites in these positions are thus
more likely to be conserved. In addition, microsatellites in coding regions and 5’
UTR had a relatively high estimated birth rate, indicating an increased rate of
gain of microsatellites in these regions.
In addition, we made motif specific measurements, but microsatellites with different motifs are not necessarily uniformly distributed throughout the genome.
For example, many tri- and hexa-nucleotide motif microsatellites are found at
a relatively high frequency in coding regions [Li et al., 2004]. Therefore, we
limit our discussion here to the three most common motifs in our data: A, AT,
and AC. Note that motifs were standardized [Buschiazzo and Gemmell, 2009,
Kofler et al., 2007], so the motif “AC” includes all permutations of the motif, in
this case CA, GT, and TG. The majority of these ubiquitous microsatellites are
found in stretches of non-coding, presumably non-functional regions of the human genome, and thus we assume that the majority of them are non-functional
[Li et al., 2004]. Extensive death rate variation exists among these motifs, indicating a clear motif-specific effect (Figure 3.2). AC microsatellites had the lowest
motif specific death rate, while AT microsatellites had the highest. We excluded
coding and UTR microsatellites in this estimate in an attempt to only measure
neutral, “non-functional” microsatellites.
Variation was also found among the death rates of less common motifs (data
not shown). Rate estimates for less common motifs may be influenced by their
relative overabundance in functional genomic regions. Delimiting the effects of
sequence constraints in functional regions and effects of motif is thus difficult,
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and requires a priori knowledge about which regions of the genome are evolving
neutrally. Therefore, although our results support the hypothesis that motif does
affect the rate at which a microsatellite is lost during evolution [Buschiazzo and
Gemmell, 2009, Taylor et al., 1999], we did not estimate rates for uncommon
motifs.

3.4.3

Locus Categorization by Length

Investigating the relationship between microsatellite conservation and length is
not a simple task. Due to their high rate of expansion and contraction, the length
of these microsatellites can be highly variable [Ellegren, 2004]. Each locus has
an unknown distribution of lengths for each species, and this distribution may
vary significantly between species, and between each species and their ancestors.
Therefore, length is not a fixed parameter on the phylogeny.
To better understand how microsatellite length is related to conservation without
explicitly modeling microsatellite length evolution, we treat length as a fixed
quantity for each locus. We assign each locus a length value equal to the length
of the microsatellite in the human genome sequence examined (build36/hg18),
and obtain ML birth and death rates for each length value. Our primary intention
with this approach is to examine, in general, how much of a role length may play
on microsatellite evolution. Because me make the assumption that length is fixed
on the phylogeny, our approach can only provide a general approximation. The
basic pattern is that shorter loci have higher birth and death rates (Figure 3.3).
Death rates appear to slightly increase for microsatellites with a length of 60 base
pairs or greater, but we believe these estimates are less meaningful for two reasons. First, there are many more short microsatellites than long microsatellites,
and as the sample size decreases with length, uncertainty increases. Second,
longer microsatellites have a higher rate of expansion and contraction [Kelkar
et al., 2008, Leclercq et al., 2010], and their lengths may be less accurately represented by the length found in the human genome. There are a limited number
of microsatellites with lengths longer than 90 base pairs (1697 loci, 0.3% of the
total data), and we did not estimate rates for these lengths.
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Figure 3.3: ML estimates for microsatellites categorized by their length in
the human genome.

A) ML estimates of death rate for each length. B) ML estimates for birth rate
for each length. Error bars on each plot represent 95% confidence intervals. We
fix the minimum possible value of the birth rate to 0.
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Homogeneous Rates
Mixture Model

Log Likelihood
-716740.79
-708064.18

AIC
1433485.58
1416134.36

39
BIC
1433507.97
1416167.95

Table 3.2: Model comparison between mixture model and homogeneous
model.

We report log likelihood, Akaike Information Criterion (AIC), and Bayesian
Information Criterion (BIC) values for the model with homogenous birth-death
rates and for the mixture model.

3.4.4

Mixture Model Results

Under the mixture model, we assumed that death rates follow a discretized
Gamma distribution, with three rate classes: low, medium, and high. The parameters of our Gamma distribution were estimated with the ML method. Table 3.2 shows that, according to Akaike [Akaike, 1974] and Bayesian information
criteria [Schwarz, 1978], the mixture model is more appropriate for our data than
the model with homogeneous rates. This mixture model allowed us to investigate
the conservation of individual microsatellites. Microsatellites can be assigned to
estimated death rate classes based on their locus-specific probabilities for each
class. However, such assignments suppress uncertainty associated with this locus classification. Instead of assigning each locus into a rate class, we examined
the relative probabilities of each microsatellite belonging to the three different
rate classes. Limiting ourselves to three death rates and a single birth rate allows us to plot the simplex of locus-specific class probabilities (Figure 3.4). The
estimated death rate classes (low, medium and high) correspond to estimated
death rates 5.92, 10.92, and 18.20, respectively. Loci with a high probability of
belonging to a single rate are found in the corners of the simplex, while loci with
approximately equal probabilities of belonging to each rate class are found in the
middle.
A large proportion of our loci fell near the center of the simplex plot, and did
not fit cleanly into any specific death rate class (Figure 3.4). Although we do
not attempt to measure information content per locus, the simplex plot clearly
demonstrates that there is limited information about the death rates for many of
the microsatellites in our data set, which makes their locus specific death rates
difficult to estimate. Other loci, however, contained sufficient information about
their death rates and fell cleanly into the low death rate class. These are the
most conserved microsatellites present in the human genome, and are of primary
interest to this study. Notice that the ordered nature of death rate classes (low
< medium < high) results in a parabolic shape of our simplex histogram.

Chapter 3. Measuring Microsatellite Conservation

40

high 18.20

low
5.92

medium
10.92

y

Logit Score
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Figure 3.4: Locus specific probabilities for the three death rate classes.

The color of each triangle represents the frequency of loci that have death rate
probabilities within the triangle, with dark red representing the triangles with
the highest density of loci. The values of the death rates are indicated at the
corners of the simplex. Loci that fall in the middle of the simplex have an
equal probability of belonging to each rate class. The color scheme is set on
the logit scale, defined as log odds of histogram frequencies. To convert back to
the frequency scale, one can use the logistic function (f (x) = 1/[1 + exp(−x)]).
For example, the boundary logit scale values -5.43 and -0.354 correspond to
frequencies 0.0044 and 0.41 respectively.

3.4.5

Highly Conserved Loci

We considered loci with a probability of belonging to the lowest death rate
class greater than 99% to be “highly conserved.” According to this criterion,
there are 13,600 highly conserved loci representing 2.5% of the total data set.
Figure 3.1 shows some examples of phylogenetic patterns seen at highly conserved
loci. These highly conserved loci are significantly enriched with microsatellites
in coding, 3’ and 5’-UTR regions (Table 3.1). Microsatellites with the motif
AC are also statistically enriched in this set, perhaps reflecting the functional
importance of this motif in mammalian genomes [Rothenburg et al., 2001a]. Only
6% of these highly conserved AC microsatellites are found in regions that encode
mRNA.
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We are particularly interested in these highly conserved loci as functional elements in gene promoters. Microsatellites have been previously associated with
promoters in humans and yeast, both upstream and downstream of the transcription start site [Vinces et al., 2009]. To investigate which genes contain highly
conserved microsatellites in their promoters, we used the Genomic Regions Enrichment of Annotations Tool (GREAT; McLean et al. [2010]), which tests for
an association between genomic positions and gene promoters. Using this tool,
we examined the association between highly conserved microsatellites and gene
promoters, which we defined as 2,000 base-pairs upstream and downstream of
the canonical transcription start site.
We found 1,463 genes that contain highly conserved microsatellites in their promoters, around 8% of the genes examined by the GREAT tool. The results of
the Gene Ontology analysis indicate that these genes are an astonishingly nonrandom sample of the human genome (Table 4.6). We display the results of
two tests done by GREAT. The hypergeometric test counts each gene with a
microsatellite in its promoter only once, while the binomial test counts the total
number of base pairs covered by microsatellites in each gene’s promoter. Many
of these genes encode proteins that are regulatory and are involved in development (see Discussion). Table 4.6 contains a small subset of the significant Gene
Ontology terms.
To further investigate the relationship between promoters and microsatellite conservation, we used a linear regression with our conservation score, taken as the
logit of the probability of the lowest death rate, as a response and the distance
to the nearest transcription start site, in base pairs, as a covariate. To control
for other factors that may affect this conservation score we included three other
covariates: the motif type of each locus, the length in the human genome, and
the functional category of each locus (coding, 5’UTR, etc). Even after controlling for all of these factors, distance to the transcription start site is negatively
correlated with conservation score (regression coefficient = -0.00016, false discovery q-value = 10−121 , Table 3.4). This is the second most significant factor
in the linear analysis, and remains so even if coding and 5’ UTR microsatellites
are removed from the analysis (data not shown). The most significant factor was
presence in 3’ UTR. Also, there is a positive correlation seen between microsatellite length and conservation, supporting the trend seen in the ML estimates for
length (Figure 3.3). In addition, all functional categories and many motif types
show significant association with our conservation score.
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Category

Binom.
FDR
q-value

Binom.
Fold
Enrich.

Hyper
FDR
q-value

Number
of Genes
Found

Nucleic acid binding
Protein binding
Binding
Transcription regulator
activity
Multicellular organismal
development
Anatomical structure
development
Developmental process
System development
Regulation of cellular
biosynthetic process
Regulation of nucleobase, nucleoside,
nucleotide and nucleic
acid
metabolic process
Regulation of biosynthetic process
Regulation of gene expression
Regulation of nitrogen
compound
metabolic process
Regulation of macromolecule
biosynthetic process
Regulation of transcription
Mammalian phenotype
Nervous system phenotype
Lethalityprenatal/perinatal
Growth/size
phenotype

0
0
0
10−305

9.1
6.8
6.3
14

10−17
10−13
10−13
10−44

419
843
1167
300

0

11

10−47

491

0

11.2

10−47

458

0
0
0

10.4
11.5
10.3

10−45
10−44
10−34

515
422
450

0

10.4

10−34

449

0

10.2

10−34

451

0

10.5

10−33

438

0

10.3

10−33

449

0

10.5

10−33

430

0

10.8

10−32

401

0
0

8.7
12.2

10−50
10−47

777
390

0

12.2

10−44

374

0

11

10−40

400

Table 3.3: A sample of results with the most significant Gene Ontology terms.
The most significant binomial test values from the online web-tool GREAT [McLean
et al., 2010] are shown. The test examined enrichment of conserved microsatellites
within 2,000 base-pairs of the canonical transcription start site. The binomial False
Discovery Rate (Binom. FDR) q-values are the result of a test that examines the total
coverage of microsatellites in each gene’s promoter. The binomial fold enrichment
(Binom. Fold Enrich.) represents enrichment of highly conserved loci in promoter
regions associated with the Gene Ontology term. To generate the hypergeometric false
discover rate (Hyper FDR) q-value, genes were counted a single time if their promoters
contain at least one microsatellite. In total, all 13,600 microsatellites tested picked
1,463 genes, 8% of the 17,506 genes used in the analysis.
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Covariate

Sorted q-value

Reg. coef.

Intercept: function: 3’ UTR
distance to promoter
function: intergenic
function: intron
length
motif: AC
motif: AT
motif: C
motif: CCG
motif: AGC
motif: AGG
motif: AAT
motif: AATG
motif: CCCCGG
motif: ATACCT
motif: CCCCG
motif: AAC
motif: CG
motif: AGCCCC
function: coding
motif: CCCCCG
motif: CCGCG
motif: AGGGG
motif: ACCCC
motif: AAAAC
motif: ATAG
motif: AGGGC
motif: ACACGC
motif: AGGC
motif: CCGG
motif: AGGGGC
motif: ACCCCC
motif: CCCG
motif: CCCGCG
motif: AAAAT
function: 5UTR
motif: ATAC
motif: ACG

6.1E-143
3.8E-121
6.2E-93
5.7E-90
9.5E-82
2.7E-42
2.1E-38
1.5E-31
4.9E-25
5.3E-25
4.6E-20
1.9E-12
6.5E-12
1.9E-11
6.7E-11
1.8E-10
7.3E-10
1.8E-07
6.8E-07
1.9E-06
6.8E-06
8.6E-06
9.1E-06
1.8E-05
2.6E-05
6.7E-05
1.3E-04
1.8E-04
2.0E-04
2.5E-04
2.7E-04
5.7E-04
8.2E-04
9.4E-04
1.0E-03
1.3E-03
1.5E-03
1.6E-03

1.7
-1.6E-04
-1.3
-1.2
1.8E-02
4.7E-01
-6.9E-01
-1.2
4.7E-01
6.8E-01
4.7E-01
-3.9E-01
4.4E-01
-1.7
-1.3E+01
-6.0E-01
-3.9E-01
8.7E-01
-1.4
3.8E-01
-9.6E-01
-1.0
-5.8E-01
-6.8E-01
-3.1E-01
-5.6E-01
-7.7E-01
2.5
-3.7E-01
-7.4E-01
-1.4
-8.1E-01
-2.6E-01
-1.5
-3.9E-01
-2.6E-01
-3.8E-01
1.2

Table 3.4: Results from the regression analysis on our conservation score.

The factors shown are sorted by their False Discovery Rate q-value (Sorted qvalue). Regression coefficients (Reg. coef.) are also shown. The adjusted r2 for
this regression analysis is 0.1588.
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Discussion

Modeling microsatellite evolution using simple binary birth-death models allowed us to measure microsatellite conservation without modeling the complex
mutational mechanisms prevalent at these loci. We found that microsatellite
deaths occur more frequently than nucleotide substitutions, and that microsatellite births appear to be exceedingly rare (Figure 3.2), supporting the assumption
that the presence of a microsatellite in multiple species is the result of sequence
conservation, rather than convergent evolution.
These findings are the opposite of those found in the recent paper by Kelkar
et al. [2011], in which births were found to be more common than deaths within
primate genomes. This discrepancy is possibly due to a difference in methods, as
Kelkar et al. [2011] used parsimony to measure their rates. Additionally, we did
not examine microsatellites in transposable elements, which were shown in Kelkar
et al. [2011] to be important factors in the birth and death of microsatellites in
primates.
Although evolutionary models at the nucleotide level are the methods of choice
for measuring sequence conservation, these models are not easily applied to hypermutable genomic elements which are difficult to align. By simplifying genome
alignments into microsatellite presence or absence data, we avoided the need to
model the complexities of microsatellite evolution [Buschiazzo and Gemmell,
2009]. Applying a birth-death model to the simplified alignments allowed us to
rank microsatellites by the rate at which they have been lost on our phylogeny,
their death rate. We then make the working assumption that microsatellites with
the lowest death rates have been conserved because of selection, and not because
they have a low mutation rate, although intragenomic variation in rates of nucleotide substitution (eg. Hardison et al. [2003]) may be partially responsible for
differences in conservation between microsatellites.
Selection can prevent the loss of a microsatellite, even if the microsatellite itself
is neutral. For example, some microsatellites might be conserved simply because
they code for amino acid repeats [Faux et al., 2007, Simon and Hancock, 2009]
which can serve as disordered regions, inducing instability in protein structure
[Simon and Hancock, 2009]. The frequent expansion and contraction of these
microsatellites may be selectively neutral, or even slightly deleterious. In this
scenario, a microsatellite would be conserved passively, hitchhiking in a functional region simply because mutations within the microsatellite can sometimes
interfere with the region’s function. Microsatellites with lower rates of expansion
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and contraction, such as short microsatellites [Kelkar et al., 2008], may be more
likely to be found under this neutral selection scenario. These microsatellites
are less likely to change length, and therefore less likely to generate potentially
deleterious mutations. In fact, selection could preserve the length of these microsatellites, even those with high rates of expansion and contraction, if length
changes were highly deleterious.
Other microsatellites, however, might be conserved precisely because of their
high mutation rate, which in some cases may provide a selective advantage [Kashi
et al., 1997]. If these microsatellites are acting to modulate phenotypes [Fondon
et al., 2008, Gemayel et al., 2010, Rando and Verstrepen, 2007] and microsatellites are responsible for some of the “missing heritability” in the human genome
[Hannan, 2010], then conserved microsatellites may help to explain some of the
phenotypic diversity found in humans and other mammals [Buschiazzo and Gemmell, 2010, Mularoni et al., 2010].
For example, microsatellites near transcription start sites can modulate levels
of gene expression as they expand and contract, and are important sources of
variation in yeast gene expression [Vinces et al., 2009]. When transcribed in a
gene’s 5’ UTR, mutations in microsatellites may alter levels of transcription and
translation [Kozlowski et al., 2010, Meng et al., 2010, Riley and Krieger, 2009b].
The high density of microsatellites around the transcription start site in the
human genome indicates that they may be serving important functions in this
region [Vinces et al., 2009]. The negative correlation between a microsatellite’s
conservation score and its distance to the nearest transcription start site supports
this hypothesis, suggesting that microsatellites can have important functions in
mammalian gene promoters.
Genes that regulate development often contain multiple highly conserved microsatellites in their promoters (Table 4.6). Many of these regulatory genes are
involved in growth, a trait that has significant agricultural importance. If some
of these highly conserved promoter microsatellites are modulating body-size they
may be useful for animal breeding programs. For example, insulin growth factor 1 (igf1 ), contains a highly conserved microsatellite approximately 800 base
pairs upstream of its start site (Figure 3.1). This microsatellite appears to be
a conserved source of variation in growth, as the length of this microsatellite is
associated with circulating igf1 levels and/or body size in humans [Akin et al.,
2010, Chen et al., 2011, Rietveld et al., 2004, Sweeney et al., 2005], pigs [Estany
et al., 2007], and cows [Curi et al., 2005]. Highly conserved microsatellites in
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the promoters of developmental regulators like igf1 may make useful targets for
quantitative genetics studies.
Although the birth death model has uncovered many interesting conserved microsatellites, it does not explicitly model the changes in microsatellite length
or the accumulation of nucleotide substitutions within the microsatellite. Such
a model would not necessarily affect which microsatellites are considered to be
conserved. It would, however, provide further insight into how microsatellite
length and nucleotide substitutions might relate to microsatellite death on the
mammalian phylogeny.
Recently, a detailed model of microsatellite birth and death in primates indicates that both length change and nucleotide substitution are responsible for
microsatellites births and deaths [Kelkar et al., 2011]. For short microsatellites, nucleotide substitutions are the more frequent cause of births and deaths
[Kelkar et al., 2011]. Therefore, the higher observed birth and death rates for
short microsatellites seen in Figure 3.3 are likely due to the fact that short
microsatellites are fewer substitutions away from non-microsatellite sequences.
However, without modeling microsatellite evolution at the nucleotide level, we
cannot determine the relationship between nucleotide substitution, length change
and microsatellite conservation in our results.
Another limitation of our model comes from the way that we examine other
factors affecting our rate estimates, such as motif or position. We used a twostage approach; first estimate the rates, then examine how these factors may
affect these rates. This could be done in one stage, in which the log of the death
rate is taken as a linear combination of predictive factors, and ML is then used to
infer rates parameters of this generalized linear model. If this approach were used
in the mixture model, it would provide locus-specific rate estimates conditional
on various predictive factors. This approach would be more computationally
demanding, but would obtain more accurate (conditional) rate measurements.
An additional limitation of our approach comes from the data. The ability of a
mixture model to detect microsatellite conservation is restricted by the amount of
information in the data. In our results, locus-specific death rate class assignments
were uncertain for many of the loci examined; many loci had an approximately
equal probability of belonging to any specific death rate class (Figure 3.4). The
accuracy of locus-specific assignments should increase if we add more species to
the analysis. A larger data set will also enable us to use more sophisticated
mixture models to accurately estimate locus-specific microsatellite death rates
[Yang et al., 2005].
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Conclusion

We performed the first statistically rigorous analysis of human microsatellite conservation on a mammalian phylogeny. The simplicity of the birth-death models
allows us to make measurements of microsatellite conservation on a genomewide scale. Although more complicated methods could have been used, our
approach has nevertheless uncovered some interesting patterns related to microsatellite evolution. We hope this and future work on conserved microsatellites will help shed light on the functional importance of these hypermutable
elements. Our publicly available results (www.stat.washington.edu/vminin/
sawaya2011_supp/) include the location, motif and conservation score for each
microsatellite. These results can be used to select candidate microsatellites to
be used in association studies.
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My contribution to this chapter
The research in this chapter was conceived by me and Prof. Gemmell. The
software was adapted from a script available from the literature, but changes to
the software were done primarily by me, with some help from Prof. Black. The
results were interpreted primarily myself, with help from the co-authors. The
publication was written by me, and edited by the co-authors.

4.1

Chapter Summary

Tandem repeats are genomic elements that are prone to changes in repeat number
and are thus often polymorphic. These sequences are found at a high density at
the start of human genes, in the gene’s promoter. Increasing empirical evidence
suggests that length variation in these tandem repeats can affect gene regulation.
One class of tandem repeats, known as microsatellites, rapidly alter in repeat
number. Some of the genetic variation induced by microsatellites is known to
result in phenotypic variation. Recently, our group developed a novel method for
measuring the evolutionary conservation of microsatellites, and with it we discovered that human microsatellites near transcription start sites are often highly
conserved. In this study, we examined the properties of microsatellites found in
promoters. We found a high density of microsatellites at the start of genes. We
showed that microsatellites are statistically associated with promoters using a
wavelet analysis, which allowed us to test for associations on multiple scales and
to control for other promoter related elements. Because promoter microsatellites
tend to be G/C rich, we hypothesized that G/C rich regulatory elements may
drive the association between microsatellites and promoters. Our results indicate that CpG islands, G-quadruplexes (G4) and untranslated regulatory regions
have highly significant associations with microsatellites, but controlling for these
elements in the analysis does not remove the association between microsatellites
and promoters. Due to their intrinsic lability and their overlap with predicted
functional elements, these results suggest that many promoter microsatellites
have the potential to affect human phenotypes by generating mutations in regulatory elements, which may ultimately result in disease. We discuss the potential
functions of human promoter microsatellites in this context.
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Introduction

In the previous chapter we discovered that highly conserved mammalian microsatellites are over-represented in the promoter regions of various human genes,
many of which regulate growth and development (Chapter 3, [Sawaya et al.,
2012b]). Changes in the lengths of microsatellites within promoters can sometimes drastically alter phenotypes (Chapter 2, [Gemayel et al., 2010, Sawaya
et al., 2012a]). For example, expansion of microsatellites in protein coding or 5’
untranslated regions (UTR) is well known to cause disease, such as Huntington’s
disease or Spinobulbar muscular atrophy [Gemayel et al., 2010].
Microsatellites can also affect phenotypes when they are not transcribed [Gemayel
et al., 2010, Rockman et al., 2002, Sawaya et al., 2012a]. By altering levels of
gene expression, untranslated microsatellites proximal to a TSS can have significant effects on phenotypes. For example, a large body of work has linked
variation in human phenotypes with regulatory microsatellites composed of the
motif AC/GT [Agarwal et al., 2000, Akai et al., 1999, Chen et al., 2002, Domart
et al., 2012, Funke-Kaiser et al., 2003, Gao et al., 2004, Gebhardt et al., 1999,
Hough et al., 2008, Itokawa et al., 2003, Knafo et al., 2008, Kopf et al., 2011, Ng
et al., 2009, Okladnova et al., 1998b, Reif et al., 2009, Rife et al., 2009, Searle and
Blackwell, 1999, Shimajiri et al., 1999, Valverde and Koren, 1999, Wang et al.,
2005, Yamada et al., 2000]. Intriguingly, many of these studies focus on genes
expressed in neuronal cells [Itokawa et al., 2003, Knafo et al., 2008, Kopf et al.,
2011, Ng et al., 2009, Okladnova et al., 1998b, Reif et al., 2009, Rife et al., 2009],
such as PAX6 expression during eye development [Ng et al., 2009, Okladnova
et al., 1998b] or NOS1 expression in the brain [Kopf et al., 2011, Reif et al.,
2009, Rife et al., 2009]. These genes are discussed in detail in Chapter 2. The
promoters of neural development genes such as these contain a striking number
of conserved microsatellites [Riley and Krieger, 2009b, Sawaya et al., 2012b],
discussed in detail in Chapter 3.
Promoter microsatellites have the potential to form various DNA secondary
structures, some of which are known to be involved in the regulation of gene
expression [Kouzine and Levens, 2007, Sawaya et al., 2012a] (see Chapter 2). For
example, microsatellites with the motif AC/GT can form Z-DNA, a left-handed
spin double helix [Wang and Vasquez, 2007a], and microsatellites composed of
the motif AG/CT can form H-DNA, a DNA triplex [Beaulieu et al., 1997, Han
and de Lanerolle, 2008, Rustighi et al., 2002, Xu and Goodridge, 1998]. Another
DNA secondary structure of interest here is the G-quadruplex (G4, reviewed in
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[Qin and Hurley, 2008]). G4 is predicted to form in sequences with the pattern (G3+ N1−7 )3+ (G3+ ) which, due to its repetitive nature, can be composed
of microsatellites [Bacolla et al., 2008] such as (TGGG)4+ [Guedin et al., 2010].
Formation of G4 induces single-strandedness in the complement C-rich strand,
which can sometimes form an i-motif [Qin and Hurley, 2008]. Predicted G4 sequences show a strong preference for promoter regions [Du et al., 2008, 2009,
Huppert and Balasubramanian, 2007, Verma et al., 2008]. These structures can
regulate transcription by modulating polymerase activity [Eddy and Maizels,
2008, Eddy et al., 2011] or by affecting RNA folding when present in 5’ UTR
[Kumari et al., 2007, Wieland and Hartig, 2007].
To better understand how microsatellites are related to promoters and their
various regulatory elements we used a wavelet analysis, adapted from Spencer
et al. [Spencer et al., 2006]. A wavelet decomposition transforms a signal into
two components: detail coefficients and smooth coefficients. These coefficients
have values at different scales, and these scales increase by a factor of two. The
wavelet coefficients can be used to reconstruct the original data. The smoothed
coefficients can be seen as similar to a weighted average of the signal, taken
at multiple scales. If two signals are compared using smooth coefficients, the
result is similar to that which would be found if their average densities were
compared. If instead the detail coefficients were compared, the result would be
similar to comparing covariance between signals, because the detail coefficients
measure the change in a signal [Spencer et al., 2006]. Importantly, the wavelet
coefficients at any single scale are independent (orthogonal) measures from the
coefficients at the other scales [Spencer et al., 2006]. This conveniently allows us
to measure correlations between signals at multiple scales [Arneodo et al., 1996,
Dodin et al., 2000, Spencer et al., 2006].
Our wavelet analysis included 32 non-continuous regions in the human genome,
each 215 kb in length, for a total of 220 kb of DNA (approximately one billion
bases). Wavelets are able to easily handle discontinuities in the data, such as
those that are present between each of the 32 regions examined here [Nason,
2008]. We measured the densities of various elements across these regions, including those of canonical importance to promoters: GC content, protein coding
regions and 5’ UTR. In addition, we examined two other factors known to be
associated with promoters: predicted G4 regions [Du et al., 2008, 2009, Huppert and Balasubramanian, 2007, Verma et al., 2008] and CpG islands (CpG
dinucleotide rich regions [Deaton and Bird, 2011]). We focused on G/C rich
promoter elements because promoter microsatellites tend to be G/C rich [Lawson and Zhang, 2008]. We examined the pair-wise relationship between all of
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these variables, and then using a linear model of wavelet coefficients, we examined how these different factors may interact to affect the association between
microsatellites and promoters. The intention of the linear model of the wavelet
coefficients was to determine if the significant association between microsatellites
and promoters was caused by these other elements.
This is the first study to statistically test for an association between microsatellites and promoters. We discovered a highly significant, but complex relationship
that depends heavily on microsatellite motif. In addition, we also found associations between microsatellites and the various promoter elements examined in
the wavelet analysis. We discuss how microsatellite variation within these promoter elements may modulate gene expression, with a focus on DNA and RNA
structure.

4.3
4.3.1

Materials and Methods
Data

The microsatellite positions, their motifs, conservation and functional region
(coding, 3’ and 5’ UTR, intronic, and intergenic) were taken directly from our
previous work [Buschiazzo and Gemmell, 2010, Sawaya et al., 2012b], and we
have previously released our data [Sawaya et al., 2012b]. Our microsatellite
definition is a tandem repeat composed of 1-6 base-pair motifs that is at least 12
nucleotides in length for motifs of length 1-4, and at least three uninterrupted
repeats for motifs of length 5 and 6. As before, we only examined simple (nonadjacent) microsatellites on the autosomes that are found outside of transposable
elements and duplicated regions. The positions for the CpG islands and the TSS
(start of unique transcripts from the KnownCanonical table) were obtained from
the UCSC genome browser [Fujita et al., 2010]. To obtain the predicted G4
regions, we used the definition of G4 from Yadav et al. [Yadav et al., 2008]
and scanned the human genome (build 36/hg18) for unique (non-overlapping)
G4 regions using the canonical G4 definition, (G3+ N1−7 )3+ (G3+ ) [Verma et al.,
2008]. The positions for the 5’ UTR and coding regions of the human genome
were obtained from Ensembl [Guberman et al., 2011, Smedley et al., 2009]. The
strand-specific motifs were obtained by taking the microsatellites found within 5
kb of the TSS, and analyzing the sequences on the coding strand. We detected
microsatellites using SciRoKo [Kofler et al., 2007], using the same parameters
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as we used in our previous work [Buschiazzo and Gemmell, 2010, Sawaya et al.,
2012b].

4.3.2

Linear regression analysis

Linear modeling was performed using the R statistical software package [R Core
Team, 2013]. The response variable was the distance to the TSS, for microsatellites within 5kb of the promoter, as defined by the start of the transcript in the
KnownCanonical table from UCSC [Fujita et al., 2010]. The covariate in this
model was microsatellite motif (284 types). We corrected for multiple hypothesis
testing by controlling the False Discovery Rate [Benjamini and Hochberg, 1995]
using the R package “fdrtool” and computed the False Discovery Rate q-value
for each regression coefficient [Strimmer, 2008].

4.3.3

Strand-specific comparisons

To compare the distributions and counts of each strand-specific motif pair, we
used a two tailed binomial test and a Kolmogorov-Smirnov test. Both of these
tests were performed in R using default functions [R Core Team, 2013]. We did
not correct for multiple tests here so that researchers interested in specific motifs
can extract results independent of the other tests done.

4.3.4

Wavelet analysis

The methods and R code used for the wavelet analyses were adapted those
made available from Spencer et al. [Spencer et al., 2006]. The value for each
factor examined in the wavelet analysis was measured in 1kb windows for each
of the 32, 215 kb regions. For promoters, this regional measurement was a count
of the number of promoters. For the other factors, this measurement was the
total coverage in each of the 1kb windows, as determined using the Galaxy
[Blankenberg et al., 2010, Giardine et al., 2005, Goecks et al., 2010] overlap tool.
By examining coverage in each region, the length of each element is implicitly
included in the model.
The regions we used cover 13 chromosomes, and the positions and brief description of each region can be found in Table 4.1. These regions were chosen because
they are well annotated, and because they were used in a previous wavelet analysis on microsatellites [Brandstrom et al., 2008]. The wavelet coefficients were
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Chromosome
1
1
1
2
2
2
2
2
3
3
3
3
3
4
4
5
5
5
6
6
7
7
8
8
9
9
10
11
11
12
12
13
13

Start
29801000
62569000
147777000
21038000
53806000
111009000
149499000
182267000
47000
32815000
94988000
127756000
160524000
75672000
108440000
74000
49442000
97613000
62237000
95938000
478000
74604000
48310000
86852000
37000
91719000
81242000
1170000
95943000
36143000
75042000
17921000
50689000

End
62569000
95337000
180545000
53806000
86574000
143777000
182267000
215035000
32815000
65583000
127756000
160524000
193292000
108440000
141208000
32842000
82210000
130381000
95005000
128706000
33246000
107372000
81078000
119620000
32805000
124487000
114010000
33938000
128711000
68911000
107810000
50689000
83457000

55
Description
mid short arm
mid short arm
mid long arm
mid short arm
short arm near centromere
mid long arm
mid long arm
mid long arm
short arm near telomere
mid short arm
long arm near centromere
mid long arm
long arm near telomere
mid long arm
mid long arm
short arm near telomere
long arm near centromere
mid long arm
long arm near centromere
mid long arm
short arm near telomere
mid long arm
long arm near centromere
mid long arm
short arm near telomere
mid long arm
mid long arm
short arm near telomere
long arm near telomere
long arm near centromere
mid long arm
long arm near centromere
mid long arm

Table 4.1: Position of the regions used in the wavelet analysis. These positions are for genome build hg18. A short description of each region is also
included.

generated for the entire set of regions, or 220 kb, and were scaled to preserve
variance across scales.
To generate the wavelet coefficients, we used the Daubechies 4-tap wavelet transform, a slight variation from Spencer et al. [Spencer et al., 2006], in which the
Haar wavelet transform (Daubechies 2-tap) was used. Although we found similar
results with other values for the Daubechies wavelet bases (results not shown),
we chose the 4-tap basis because the results were more consistent between adjacent scales than the 2-tap bases, and it requires less computational time than
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the higher valued Daubechies transforms.

4.3.5

Gene ontology analysis

GREAT 2.0.2 [McLean et al., 2010] was used for the gene ontology analysis. This
web tool allows the user to input a set of genomic regions of interest (here G4
that overlap with microsatellites), and a control set on which to compare these
regions (here all G4 regions). GREAT then tests the gene ontology categories
which contain the regions of interest against the background set. It also performs
p-value adjustment to correct for False Discovery Rates. We used 5 kb upstream
and downstream of the TSS as our promoter region.

4.4
4.4.1

Results and discussion
Microsatellite motifs in promoters

The most common microsatellite motifs in the human genome are A/T rich and
more than a third of microsatellites in our data set (36.4%) are composed of the
motifs A/T or AC/GT (Table 4.2). These two motifs are also the most common
motifs within 5 kb of the TSS (Table 4.3). The third most common motif within
the promoter region is CCG/CGG, but importantly, this motif is very uncommon
in the genome, representing less than 1% of the microsatellites in our data set. In
fact, of the 3820 CCG/CGG microsatellites we examined, 74% were found within
5 kb of the TSS. A similar motif, CCCG/CGGG, displayed the same preference
for promoters, with 62% found within 5 kb of the TSS (Table 4.3). Intriguingly,
microsatellites with the motif CCG/CGG are often very highly conserved in
mammals, while the other G/C rich motifs are usually not conserved [Sawaya
et al., 2012b].

4.4.2

Linear modeling of distance to TSS

There is a high density of microsatellites around the TSS of human genes (Figure 4.1). To determine which motifs show the strongest preference for the TSS,
we used a linear model. For the response variable in this model we used distance
to the nearest TSS, calculated for all microsatellites within 5 kb of the TSS,
and we examined this variable in relation to motif for upstream and downstream
regions separately. Table 4.4 displays the motifs with the strongest association
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Table 4.2: Frequencies of motifs for all simple microsatellites in the human
genome

Motifs
A/T
AC/GT
AT/AT
AAAT/ATTT
AAT/ATT
AG/CT
AAAC/GTTT
AAC/GTT
AATG/CATT
AAAG/CTTT
AAAAC/GTTTT
AAGG/CCTT
AGG/CCT
AGGG/CTTT
AGC/GCT
CCG/CGG
CCCG/CGGG

Counts (frequency)
104,373 (19.4%)
91,786 (17.0%)
37,219 (6.91%)
30,771 (5.71%)
26,782 (4.97%)
23,680 (4.39%)
21,156 (3.92%)
17,974 (3.33%)
15,045 (2.79%)
14,865 (2.75%)
12,610 (2.33%)
10,681 (1.98%)
10,438 (1.93%)
10,314 (1.91%)
6,169 (1.14%)
3,820 (0.70%)
1,098 (0.20%)

The most common motifs in the human genome are shown, along with their
counts and frequencies relative to all other microsatellites. A few motifs
commonly found in promoters are also shown. The total number of
microsatellites examined here is 538,964.

to promoters for both upstream and downstream regions. G/C rich motifs have
a strong association with promoters. Intriguingly, the most common motifs in
the genome, mostly A/T rich, have a strong negative association with promoters. The intent in using this model was to uncover the motifs with the strongest
positive or negative relationship with distance to the TSS. We did not include
overlap with functional elements, such as the 5’ UTR, or microsatellite length so
that the results could be interpreted simply as the repeated motifs enriched or
depleted around the TSS.

4.4.3

Potential functions of promoter microsatellites

As noted in a previous study of a subset of the human genome, there are many
G/C rich microsatellites near the TSS of human genes [Lawson and Zhang, 2008].
Here we add that motifs with 100% G/C content are rarely found outside of promoter regions (Table 4.2) and are usually found very close to the TSS (Table 4.4).
Many of these motifs have the potential to form various secondary structures [Bacolla et al., 2008, Brahmachari et al., 1995]. The G4 secondary structure is of
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Table 4.3: Most common motifs found within 5 kb of the TSS and their
strand-specific motif results

Motifs
A/T
AC/GT
CCG/CGG
AAAT/ATTT
AG/CT
AGGG/CCCT
AAT/ATT
AGC/GCT
AAAC/GTTT
AAC/GTT
AATG/CATT
AAAG/CTTT
AAAAC/GTTTT
CCCG/CGGG
AAGG/CCTT

Counts (coding
strand)
6559 (2803/3756)
5072 (2051/3021)
2833 (1151/1682)
1419 (610/809)
1405 (686/719)
1308 (662/646)
1245 (577/668)
990 (373/617)
983 (434/549)
952 (460/492)
876 (452/424)
751 (325/426)
651 (304/347)
687 (274/413)
659 (299/350)

Binom. p-value
5.2E-32
2.1E-42
1.7E-23
1.4E-7
0.39
0.68
0.011
8.36E-15
2.7E-4
0.315
0.36
2.6E-4
0.10
1.28E-7
0.050

KS Test Distance (p-value)
0.13 (<1E-300)
0.118 (3.1E-15)
0.06 (7.2E-3)
0.166 (9.1E-9)
0.07 (0.042)
0.07 (0.06)
0.06 (0.15)
0.134 (4.7E-4)
0.188(6.4E-8)
0.182 (2.7E-7)
0.09 (0.055)
0.084 (0.146)
0.137 (4.5E-3)
0.114 (0.027)
0.092 (0.128)

The most common motifs and their strand-specific counts are displayed. The
binomial test (Binom.) p-value is the chance that these strand-specific
frequencies deviate from an expected value of 50%. The Kolmogorov-Smirnov
(KS) test values provide a measurement of the difference between the
distribution of the two different strand-specific motifs, for each motif pair. The
p-values shown are not corrected for multiple tests.

particular interest in this study because there is increasing evidence that G4
elements play an important role in gene regulation [Du et al., 2009, Verma et al.,
2008, Yadav et al., 2008]. These structures can be highly conserved in mammals
[Yadav et al., 2008], especially in promoter regions [Du et al., 2008, 2009, Verma
et al., 2008] and have been shown to modulate gene expression levels in microbes
[Rawal et al., 2006] and cancer cell lines [Verma et al., 2009]. Their prevalence
in human gene promoters is particularly striking [Du et al., 2009, Verma et al.,
2008] and our results support this observation (Figures 4.2, 4.3).
Many of the motifs found near the TSS have structural potential (Table 4.4).
For example, the CCG/CGG motif can form secondary structures that are similar but not identical to canonical G4 structures [Darlow and Leach, 1998], and
changes in the length of these microsatellites have the potential to modulate
gene expression [Roberts et al., 2008] and cause disease when expanded [Nithianantharajah and Hannan, 2007]. A similar motif, CCCG/CGGG, is predicted
to form G4 if repeated at least four times, and is similar to the GC-box, a transcription initiation site associated with the transcription factor SP1 [Todd and
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Figure 4.1: Distribution of microsatellites around promoters.

The total number of microsatellites present in each 100 base-pair bin are provided
for all microsatellites within 10 kb of the TSS. Also shown are the total number
of only coding microsatellites (blue) or only 5’ UTR microsatellites (red). The
region around the start of genes contains a large number of microsatellites, but
most of the microsatellites downstream of the start site are in 5’ UTR or coding
regions.
Neidle, 2008]. Another motif that is predicted to form G4 DNA is AGGG/CCCT. This motif is common within promoters but is also relatively common
elsewhere in the genome. Of the 10,314 AGGG/CCCT microsatellites, 1,308 of
them are found within 5 kb of the TSS (Table 4.3).
G/C rich motifs that contain CpG dinucleotides are potential sites of epigenetic modification. Each of the 100% G/C microsatellites, except for the rare
mononucleotide motif C/G, contain CpG dinucleotides [Deaton and Bird, 2011].
Changes in repeat number for these CpG containing microsatellites would alter
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Table 4.4: Most significant motifs associated with distance to the TSS from
the linear analysis

Upstream: Motif
(Intercept): A/T
CCG/CGG
CCCCG/CGGGG
CCCG/CGGG
AGG/CCT
CG/CG
C/G
CCCCCG/CGGGGG
AGGG/CCCT
CCGCG/CGCGG
CCCGG/CCGGG
AGCG/CGCT
AAAT/ATTT
AT/AT
AAT/ATT
Downstream: Motif
(Intercept): A/T
CCG/CGG
CCCG/CGGG
AGC/GCT
AGG/CCT
CCCCG/CGGGG
CCCGG/CCGGG
AGCG/CGCT
AGGG/CCCT
CG/CG
CCGG/CCGG
CCGCG/CGCGG
CCCCGG/CCGGGG
AGGGG/CCCCT
CCCCCG/CGGGGG

Sorted q-values
0.0E+00
2.7E-195
2.1E-102
1.2E-70
2.7E-26
5.6E-23
3.2E-17
1.3E-12
6.7E-12
7.5E-12
1.5E-11
3.4E-11
1.9E-09
3.2E-09
7.9E-08
Sorted q-values
0.0E+00
0.0E+00
7.4E-165
1.7E-122
8.8E-71
3.9E-52
3.8E-39
1.7E-35
4.7E-31
1.0E-21
1.2E-21
7.3E-19
2.5E-17
5.1E-12
7.4E-12

Reg.coef.
-2.2E+03
1.7E+03
1.9E+03
1.7E+03
6.7E+02
1.8E+03
1.0E+03
1.6E+03
4.5E+02
1.9E+03
1.9E+03
1.6E+03
-3.7E+02
-3.7E+02
-3.4E+02
Reg.coef.
-2.5E+03
2.0E+03
1.9E+03
1.3E+03
8.8E+02
1.8E+03
2.1E+03
2.1E+03
6.5E+02
1.7E+03
1.7E+03
2.0E+03
2.0E+03
8.8E+02
1.6E+03

The top 10 most significant motifs associated with distance to TSS (in
base-pairs), for the upstream and downstream regions, analyzed separately.
These factors are sorted by their False Discovery Rate q-value (Sorted
q-values). The size of the regression coefficient (Reg. coef.) indicates the
strength of the association, with large positive coefficients belonging to motifs
frequently found near the TSS.

the number of potential methylation sites. However, changes in microsatellite
length may also affect structural potential, which is important because G4 formation appears to restrict methylation at CpG dinucleotides [Halder et al., 2010].
So, although longer CpG containing microsatellites may contain more potential
methylation sites, this may not directly translate into an increase in methylation
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Figure 4.2: Kendall rank correlations between wavelet coefficients.

The pairwise correlations between smooth coefficients are in the top right, and
detail coefficients are the bottom left. The diagonal displays the normalized
power spectrum for the wavelet coefficients, which can be interpreted as a measure of the variation of each signal at each scale. Note that the majority of
factors examined here have most of their variation at the finest scales, while GC
content and G4 elements contain a large amount of variation at the largest scales.
Abbreviations for each element are “msat” for microsatellite, “G4” for predicted
G4 regions, “CpG” for CpG islands, and “GC” for G/C content. Associations
with a p-value above 0.001 are shown in red if positive, blue if negative. The
smallest scale examined was 1 kb in size, and each successive scale increases by
a factor of two.
because longer microsatellites may also have increased structural potential, and
these structures may in turn interfere with methylation [Bacolla et al., 2001].

4.4.4

Motifs on the coding strand

Transcription is most often uni-directional, with only one strand transcribed
into RNA, leading to potential differences in sequence composition between the
coding and non-coding strand. Therefore, we wondered if the microsatellite motifs on the coding strand might have different distributions around promoters
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Smoothed model: Microsatellites ~ CpG + GC + G4 + Coding + 5' UTR + Promoter -1
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Figure 4.3: Linear model of wavelet results.

The top figure shows the results of the smooth coefficients, the bottom shows the
results of the detail coefficients. −log10 p-values are shown. Positive relationships
are shown in red, negative in blue. The r2 value is shown at the bottom of the
figure. The largest scales were not included in this figure for simplicity.
than their counterparts on the opposite strand. Strand asymmetry exists between all non-palindromic motifs, and these motifs can be broken into pairs of
strand-specific motifs. To examine how these strand-specific motifs are related
to promoters, we obtained the microsatellite motifs on the coding (non-template)
strand for the 37,249 microsatellites found within 5 kb of the TSS (Table 4.3).
The distributions for the most common strand-specific motif pairs, A/T and
AC/GT are shown in Figure 4.4. These graphs show the smoothed density estimates for both 1 kb and 100 base pair bins. The strand-specific motifs A and
AC display a preference for the upstream region and a depletion from the downstream region. Intriguingly, their counterparts, T and GT, display the complete
opposite pattern, with their highest densities in the downstream regions. All
of these motifs show depletion around the TSS, but this depletion is only clear
when fine scale densities (100 base-pair bins) are examined.
Some of these strand-specific motifs have a preference for the coding strand
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Figure 4.4: Strand-specific densities for the motifs A/T and AC/GT around
promoters.

These figures show the cubic spline of the densities of each strand-specific motif
for bins of size 1kb (solid) and 100 base-pair (dashed) for the entire 5 kb promoter
region.
(Table 4.3). For example, the motifs with 100% G/C (CCG/CGG and CCCG/CGGG) have a preference for the G-rich motif to be on the coding strand
(59% and 60%, respectively). The binomial test p-values for these observations
are 1.7E-23 and 1.28E-7, for CCG/CGG and CCCG/CGGG respectively. The
other G-rich motifs common in promoters, AGGG/CCCT and AAGG/CCTT,
do not show any preference for G-richness on the coding strand.
A strand-specific preference may be due to a selection for G-richness in RNA,
and/or G-richness on the coding strand [Eddy and Maizels, 2009]. G-richness on
the coding strand is also seen in predicted G4 forming regions around promoters
[Du et al., 2008]. Therefore, we were surprised that the predicted G4 motif
AGGG/TCCC did not show any strong strand preference. The motif AG/CT,
which is predicted to form H-DNA [Beaulieu et al., 1997, Han and de Lanerolle,
2008, Rustighi et al., 2002, Xu and Goodridge, 1998], also displayed no strand
preference.
To examine whether the strand-specific distributions are different for each motif
pair, we used the Kolmogorov-Smirnov test. The results of this non-parametric
test indicate that the distributions of many of these motif pairs are dissimilar to
each other (Table 4.3). For example, the strand-specific motifs AC and GT have
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very different distributions around the TSS (Figure 4.4), and the KolmogorovSmirnov test results indicate this with a large distance value supported by a very
low p-value. Notably, some motif pairs do not show any strand differences, such
as the poly-purine/poly-pyrimidine motifs AG/CT, AAAG/CTTT and AAGG/CCTT.
Depletion of the motifs A and AC on the coding strand indicates that they may
interfere with transcription (or translation when present in 5’ UTR). Perhaps
this is unsurprising for the motif A, which is commonly known as a signal for
the end of the transcript in the 3’ UTR, and may be selected against in the 5’
UTR. We are unaware of a similar explanation for the motif AC, which shows
particularly strong depletion immediately downstream of the TSS. The Z-DNA
structure that can form in AC/GT microsatellites is a left-handed double-helix
with no known strand bias [Wang and Vasquez, 2007a]. Changes in AC/GT
length have been shown to modulate gene expression [Rothenburg et al., 2001a],
as seen in the large number of studies associating AC/GT length variation with
human phenotypes [Agarwal et al., 2000, Akai et al., 1999, Chen et al., 2002,
Domart et al., 2012, Funke-Kaiser et al., 2003, Gao et al., 2004, Gebhardt et al.,
1999, Hough et al., 2008, Itokawa et al., 2003, Knafo et al., 2008, Kopf et al.,
2011, Ng et al., 2009, Okladnova et al., 1998b, Reif et al., 2009, Rife et al., 2009,
Searle and Blackwell, 1999, Shimajiri et al., 1999, Valverde and Koren, 1999,
Wang et al., 2005, Yamada et al., 2000]. These strand-specific biases support
the hypothesis that microsatellite motif can affect RNA structure [Riley and
Krieger, 2009a,b].

4.4.5

Wavelet analysis: Results on multiple scales

To statistically test for an association between microsatellites and promoters,
we used a wavelet analysis on approximately one billion bases, a third of the
entire genome. G/C rich motifs showed the strongest association with the TSS,
so we wondered if the high density of microsatellites at the TSS (Figure 4.1) was
caused by G/C rich regulatory elements. Therefore, in addition to promoters
and microsatellites, we included various factors known to be associated with
promoters: 5’ UTR, coding regions, predicted G4 regions [Du et al., 2008, 2009,
Huppert and Balasubramanian, 2007], GC content, and CpG islands [Deaton
and Bird, 2011].
Figure 4.2 shows the pairwise Kendall rank correlations between each element at
each scale for both the smooth and detail coefficients. Red indicates significant
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positive associations, and blue significant negative associations (p-value < 0.001).
The power spectrum is shown on the diagonal, and represents the proportion of
total variation explained by variation at each scale. Correlations between the
smooth coefficients of these different elements (upper right portion of Figure 4.2)
are functionally equivalent to correlations between average densities of these
elements at various scales. The correlations between detail coefficients (bottom
left portion of Figure 4.2) are more closely related to covariance between the
signals[Spencer et al., 2006].
The results of the pairwise comparisons indicate that promoters and microsatellites are significantly associated, but only on fine-scale measurements (Figure 4.2).
At larger scales, microsatellites are negatively associated with promoters. We
interpret these results as support for a local association between microsatellites
and the TSS, but that microsatellites are, in general, found at higher densities
in regions that do not contain promoters. This change in value between fine and
coarse scales highlights the importance of examining multiple scales for associations between genomic elements, as processes acting at fine scales can be different
from those acting at coarse scales [Spencer et al., 2006]. Intriguingly, microsatellites display the same positive fine-scale and negative large-scale association with
every factor examined except G/C content. The negative correlation between
microsatellites and GC content highlights the fact that most microsatellites in
the human genome are AT rich (Table 4.2).
Because G/C rich motifs are strongly associated with promoters and because
many of these motifs have the potential to act as sites of DNA methylation or
structural formation, we hypothesized that CpG islands or G4 forming regions
could influence the apparent association between microsatellites and promoters
seen in Figure 4.1. To investigate this we used linear modeling of the wavelet
coefficients, again following methods of Spencer et al. [Spencer et al., 2006]
(Figure 4.3). This approach used the microsatellite wavelet coefficients as the
response variable, and the wavelet coefficients for the other factors as covariates.
The −log10 p-values are shown for each factor, at each scale. Again, significant
positive associations are red, and negative associations are blue.
After controlling for these other factors, the relationship between promoters and
microsatellites remained significant, but was again only positive at fine scales.
Because fewer of the fine scales showed a significant positive association, the
association between microsatellites and promoters at these scales can be partially
attributed to the other factors examined. Intriguingly, the positive fine-scale
associations between coding regions and microsatellites is absent when these
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other factors are considered, suggesting that the prevalence of microsatellites in
coding regions may be influenced by these other factors.
The small r2 values here indicate that the total variance explained by this model
is minimal. Therefore, there is a large amount of variation in microsatellite density that is not explained by these factors. Nevertheless, results of this linear
model are highly informative and we stress that our intention with the model
was not to determine which factors predict microsatellite density. Microsatellites
are found throughout the genome, and hypothetically can arise and degrade by
entirely neutral mutational processes [Buschiazzo and Gemmell, 2006], so we did
not expect promoters and promoter-related factors to explain a large amount of
variation in the microsatellite signal. We used this model to determine if the association between microsatellites and promoters was the result of a high density
of GC rich elements around the TSS. Because the significant positive association
between promoters and microsatellites remains when these other factors are included in the model, we can conclude that they are not entirely responsible for
the high density of microsatellites found at the TSS (Figure 4.1).

4.5

Relationship between microsatellites and G4 elements

The highly significant association between microsatellites and G4 supports the
hypothesis that microsatellites sometimes play a role as structural elements [Bacolla et al., 2008]. In the pairwise comparison between G4 and microsatellite
wavelet coefficients there is a highly significant association at fine scales (Figure 4.2), and this association increases when other factors are considered (Figure 4.3).
The motifs for microsatellites that overlap with G4 elements are shown in Table 4.5. Most of these motifs are similar to the canonical G4 definition but not
all microsatellites with these G4-like motifs are considered G4 for two reasons.
Some of these G4-like microsatellites are too short to have G4 potential (e.g.,
(AGGG)3 ). For longer microsatellites, we allow a few point mutations to disrupt
the repeating pattern (i.e., they are imperfect repeats). If a point mutation disrupted the runs of adjacent guanines it would disrupt the G4 forming potential.
Importantly, expansion of these G4-like microsatellites could result in novel G4
elements that would not be present in the reference genome. For example, the
G4-like microsatellite AGTG(AGGG)3 contains a point mutation that disrupts
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Table 4.5: Motifs of microsatellites that overlap with G4

Motifs
Count Avg. overlap (bp) Avg. Overlap fraction
AGGG/CCCT
4610
16.9
0.85
ACCC/GGGT
1417
14.1
0.88
AGGGG/CCCCT
1114
25.9
0.85
C/G
961
18.0
0.98
ACCCC/GGGGT
585
18.6
0.92
CCCG/CGGG
583
14.0
0.86
CCCCG/CGGGG
485
19.6
0.88
AAGGG/CCCTT
427
27.5
0.79
AAGG/CCTT
352
8.4
0.21
AG/CT
306
9.1
0.23
AGCCC/GGGCT
293
19.7
0.87
AGGGC/GCCCT
264
19.4
0.86
AGG/CCT
236
10.7
0.36
ACCCCC/GGGGGT
234
22.1
0.92
AC/GT
176
4.8
0.17
CCG/CGG
157
7.2
0.31
AGCCCC/GGGGCT
154
21.4
0.78
CCCCCG/CGGGGG
116
21.5
0.88
CCCGG/CCGGG
106
19.5
0.88
AGAGGG/CCCTCT
93
24.0
0.70
Of the 13,838 microsatellites that overlap with a G4 element, the most common
motifs are shown. For each microsatellite motif, the average base-pair overlap
with G4 is shown (Avg. overlap (bp)). The average fraction of each
microsatellite that overlaps with the G4 element is also shown (Avg. Overlap
fraction). Note that motifs that are dissimilar to the canonical G4 definition,
such as AC, usually share only a portion of the microsatellite in the G4
element.

the perfect repeat and prevents G4 forming potential. This microsatellite could
expand to form AGTG(AGGG)4 , a microsatellite with G4 potential.
As discussed above, some motifs have higher rates of expansion and contraction
than others [Kelkar et al., 2008, 2011], and therefore, some G4 and G4-like
microsatellites will be more polymorphic than others. One motif in particular
has a relatively high rate of expansion and contraction, the mononucleotide motif
C/G [Kelkar et al., 2008]. Intriguingly, there are 1,402 C/G microsatellites in our
data set and 961 (68.5%) overlap with a G4 element. G4 elements that overlap
with these rare C/G microsatellites are expected to be highly variable.
Less variable G4 microsatellites may also be important because even small changes
in repeat number for larger, G-rich motifs have the potential to alter secondary
structure. Variation within G/C rich tandem repeats has been shown to affect
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gene expression and/or be associated with phenotypic differences in humans [Allayee et al., 2008, Borel et al., 2012, Dwyer et al., 2004, Herdewyn et al., 2012,
Roberts et al., 2008, Todur and Ashavaid, 2012, Wang et al., 2008, Whetstine
et al., 2002]. For example, a CGGGGG/CCCCCG microsatellite in the ALOX5
gene has been repeatedly associated with cardiovascular disease [Allayee et al.,
2008, Dwyer et al., 2004, Todur and Ashavaid, 2012]. Unfortunately, there is limited information about microsatellite variation available [Treangen and Salzberg,
2012], even from the 1000 Genomes Project [McIver et al., 2011], so we are unsure
exactly which G4 microsatellites contain variation that might affect structural
potential. We expect recent advances in sequencing technology to help resolve
this uncertainty [Koren et al., 2012].
To determine which pathways contain G4 elements that overlap with microsatellites, we used the Genomic Regions Enrichment of Annotations Tool (GREAT,
[McLean et al., 2010]). This tool examines which genes contain a set of elements
defined by the user (here G4 that overlap with microsatellites). To control for
the fact that a limited sub-set of genes contain G4 elements within their promoters, we used the entire G4 set as a control group. The most significant
results can be found in Table 4.6. Intriguingly, many of the genes that contain G4-microsatellites regulate cell signaling and/or development (Table 4.6),
suggesting that these pathways may be modulated by changes in microsatellite
length.
The relationship between microsatellites and G4 may have implications for quantitative genetics. Single nucleotide substitutions within predicted G4 regions can
influence gene expression [Baral et al., 2012] and changes in microsatellite length
within or around predicted G4 may be of equal or greater importance, as they
would result in changes that are physically larger than single base changes. G4
microsatellites are potential sources of human phenotypic variation, and would
make interesting candidates for association studies or molecular genetics experiments.
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Table 4.6: GO Results for genes with microsatellites that overlap with G4
elements.
Ontology

Category

Hyper FDR
Q value

Biological
Process

Signal release

3.39684e-7

Hyper
fold
enrichment
2.1533

Number
of
genes
found
52

Cartilage development
2.28192e-6
2.0690
41
Negative regulation of B 5.84903e-5
4.4914
11
cell activation
Multicellular organismal 1.20456e-4
2.1504
27
homeostasis
Regulation of ion trans- 1.87001e-4
2.1324
32
membrane transporter
activity
Camera-type eye mor- 5.21582e-4
2.0009
30
phogenesis
Neurotransmitter secre- 5.19828e-4
2.1208
29
tion
Spinal cord anterior/pos- 5.76268e-4
10.1377
1
terior patterning
Tissue homeostasis
1.08506e-3
2.1131
21
Regulation of long-term
1.25384e-3
3.0197
13
neuronal synaptic plasticity
Hormone secretion
1.42278e-3
2.2221
22
Hormone transport
1.76257e-3
2.1627
23
Negative regulation of 3.77337e-3
6.1327
3
synaptic transmission,
glutamatergic
Elevation of cytosolic 3.92996e-3
5.2566
5
calcium ion concentration
involved
in
G-protein
signaling
coupled to IP3 second
messenger
Peptide hormone secre- 4.22613e-3
2.2528
18
tion
PANTHER TGF-beta
signaling 4.57321e-4
2.0458
32
Pathway
pathway
General
transcription 6.12838e-3
3.1400
35
regulation
Ras Pathway
6.46098e-3
2.0119
22
Beta2 adrenergic recep- 2.56959e-2
2.0132
15
tor signaling pathway
Gamma-aminobutyric
2.90416e-2
4.7309
3
acid synthesis
Transcription regulation 3.47807e-2
2.0310
14
by bZIP transcription
factor
Gene ontology (GO) results for genes that contain microsatellites that overlap with G4
elements in their promoter. Hyper FDR Q-value is the False Discovery Rate q-value,
Hyper fold enrichment is the enrichment of the test set on the overall (control) set for
each category. 2,666 genes contain a G4 that overlaps with a microsatellite. For a
control set we used genes that contain G4 elements in their promoters, for a total of
14,977 genes.
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Conclusion

The high density of microsatellites in promoters (Figure 4.1), together with their
potential to function as structural elements [Bacolla et al., 2008, Brahmachari
et al., 1995], suggests that some microsatellites can function as regulators of gene
expression. Microsatellites are present in promoters more often than expected
by chance. Promoter microsatellites are often G/C rich, and many promoter
microsatellites are within or near 5’ UTR, CpG islands, and G4 structures. Variation within these promoter microsatellites has the potential to affect promoter
function, which can ultimately lead to variation in phenotypes. This variation
may be selectively beneficial [King and Kashi, 2007, Rando and Verstrepen,
2007], and by targeting promoter microsatellites, especially those that are conserved [Riley and Krieger, 2009a, Sawaya et al., 2012b], we hope to uncover
sources of human phenotypic variation.
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My contribution to this chapter
The research in this chapter was conceived by me, Prof. Black and Prof. Gemmell. The software was somewhat adapted from the previous chapter, but some
of it was created from scratch by me, with help from Prof. Black and Mr.
Boocock. The results were interpreted primarily by me. The manuscript was
written by me, and edited by the co-authors.

5.1

Chapter Summary

Pausing of DNA polymerase can indicate the presence of a DNA structure that
differs from the canonical double-helix. Here we detail a method to investigate
how polymerase pausing in the Pacific Biosciences sequencer reads can be related
to DNA structure. The Pacific Biosciences sequencer uses optics to view a polymerase and its interaction with a single DNA molecule in real-time, offering a
unique way to detect potential alternative DNA structures. We have developed
a new way to examine polymerase kinetics and relate it to the DNA sequence
by using a wavelet transform of read information from the sequencer. We use
this method to examine how polymerase kinetics are related to nucleotide base
composition. We then examine tandem repeat sequences known for their ability to form different DNA structures: (CGG)n and (CG)n repeats which can,
respectively, form G-quadruplex DNA and Z-DNA. We find pausing around the
(CGG)n repeat that may indicate the presence of G-quadruplexes in some of
the sequencer reads. The (CG)n repeat does not appear to cause polymerase
pausing, but its kinetics signature nevertheless suggests the possibility that alternative nucleotide conformations may sometimes be present. We discuss the
implications of using our method to discover DNA sequences capable of forming
alternative structures.

5.2

Introduction

The previous chapter of this thesis uncovered an important relationship between
gene promoters and microsatellite tandem repeats. Some of the microsatellites
in this region have the potential to form alternative DNA structures, but our
understanding of the relationship between DNA structure and tandem repeats is
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somewhat limited. This chapter outlines a new method for elucidating the relationship between tandem repeats and DNA structure, by examining the interaction between DNA polymerase and microsatellites predicted to form alternative
structures.
The primary structure of DNA was first discovered in 1953 by Watson and Crick
as a right-handed double helix [Watson and Crick, 1953], commonly referred
to as B-DNA. Since then, other DNA structures have been discovered, some
with potential biological significance. These structures include the left-handed
double helix, Z-DNA, the triple-helix, H-DNA, slipped-strand hairpin structures,
cruciforms, I-motifs and G-quadruplexes (reviewed in Doluca et al. [2013] and
Chapter 2). The biological significance of these structures remains disputed, but
compelling evidence for the biological function of two of these structures exists:
Z-DNA, which is associated with transcription and chromatin remodeling [Liu
et al., 2006, Ray et al., 2011, Wittig et al., 1989, 1991, 1992], and more recently,
G-quadruplex DNA which was visualized in living cells and was associated with
DNA synthesis [Biffi et al., 2013].
Some of these non-B-DNA structures can be problematic for polymerase-chainreactions (PCR, Boan et al. [2004]). Non-B-DNA structures can interfere with
polymerase, resulting in a reduced rate of DNA synthesis [Boan et al., 2004,
Han et al., 1999, Mytelka and Chamberlin, 1996, Schwartz and Quake, 2009,
Sun and Hurley, 2009, Weitzmann et al., 1997, Wenzel et al., 2009]. Polymerase impedance can introduce genotyping errors because amplification biases
can cause some alleles to be lost during amplification, termed “allelic drop-out”
[Boan et al., 2004, Wenzel et al., 2009]. Allelic-dropout can be particularly problematic when genotyping tandem-repeat sequences because expanded repeats,
known to cause disease, can be difficult to amplify. For example, the promoter
of the fragile-X mental retardation gene, FMR1, contains a (CGG)n repeat that
can interfere with polymerase activity [Chen et al., 2003, Loomis et al., 2013,
Solvsten and Nielsen, 2011]. Expansion of this repeat causes fragile-X disease
[Verkerk et al., 1991]. Recently, the Pacific Biosciences sequencer has demonstrated the ability to sequence these difficult repeats [Loomis et al., 2013]
While these structures are of interest, both in-vivo and in-vitro, there is limited
knowledge about which sequences have the potential to form non-B-DNA structures. Some of these structures have been studied in detail, and methods exist to
predict the sequences in which they might form [Li et al., 2009, Menendez et al.,
2012, Schroth et al., 1992, Stegle et al., 2009, Todd and Neidle, 2011]. For example, the G-quadruplex structure has been well characterized, and computational
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methods exist to predict which sequences might form this structure [Menendez
et al., 2012, Stegle et al., 2009, Todd and Neidle, 2011]. However, these prediction methods have limitations, and all of them rely on the data available about
G-quadruplexes that have been previously examined. New approaches for examining the stability of these structures will improve our ability to predict their
stability.
Uncertainty about which sequences have the ability to form non-B-DNA structures can make PCR primer design a challenge. Furthermore, if these structures
have biological significance, predicting where they might exist could improve
our understanding of genome function. If these structures are interfering with
DNA and RNA polymerase in-vivo, then knowing where they may form in the
genome will help us determine which regions could have reduced rates of transcription and/or DNA replication, such as those seen in Bagga et al. [1990],
Hirst and White [1998]. This may be of special importance for tandem repeat
regions, where variation in tandem repeat length is common and can determine
the stability of non-B-DNA structures [Bacolla and Wells, 2009]. Understanding
how tandem repeats of various lengths can form non-B-DNA may help us better
predict when, where and how they can cause disease.

5.2.1

Detecting DNA structure with polymerase

Polymerase pausing is associated with non-B-DNA structures in-vitro, and polymerase stoppage assays are a common and relatively inexpensive method to
detect potential non-B-DNA forming regions [Han et al., 1999, Sun and Hurley,
2008]. Polymerase typically moves quickly along the DNA molecule, with the
absolute speed depending on the system [Eid et al., 2009, Schwartz and Quake,
2009]. When it encounters a non-B-DNA structure, such as a G-quadruplex or
slipped strand structure, the polymerase pauses while the structure is resolved
[Han et al., 1999, Kang et al., 1995, Mytelka and Chamberlin, 1996, Schwartz
and Quake, 2009, Sun and Hurley, 2008]. Polymerase stoppage assays can provide base-pair resolution for the positions at which the pauses occur, but only
examine stoppage in bulk for a large number of DNA polymerase interactions
[Han et al., 1999, Sun and Hurley, 2008]. These assays do not provide realtime
measurements of pausing, and do not measure the pausing at single-molecule
resolution. Therefore, they can act as a way of measuring polymerase pausing
on average, but do not detail the interaction between DNA and an individual
polymerase.
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Realtime detection of potential DNA structures can be accomplished with a
nanopore device [Shim and Gu, 2012], or alternatively by using polymerase with
a FRET-based approach [Schwartz and Quake, 2009]. However, these approaches
have only been used for a small number of sequences, and the data are not
readily available. Another method to detect DNA structure uses the realtime
polymerase kinetics of the Pacific Biosciences sequencer [Eid et al., 2009, Korlach
et al., 2010]. Here we outline a statistical approach by which polymerase kinetics
can be measured and related to the nucleotide content of the template DNA at
multiple scales using wavelets.

5.2.2

Measuring polymerase kinetics

If polymerase pausing can indicate potential non-B-DNA structures, how should
this pausing be measured? One method might measure the rate of polymerization along the sequence and search for regions of the sequence in which the
polymerization rate was slow. Another method might examine the rate of change
of polymerization, searching for regions in which the polymerase changes speed.
Both of these methods are encompassed with the wavelet approach developed
here.
As discussed in Chapter 4, wavelet transformations of a sequence produce two
types of coefficients: smooth coefficients (si ) and detail coefficients (di ), where
the smooth coefficients are weighted sums, and the detail coefficients are the
differences between these weighted sums [Nason, 2008]. These coefficients are
produced for different scales, with each scale increasing by a factor of two, allowing polymerase kinetics to be measured in regions of various sizes.
We examine multiple scales because we have limited knowledge about how polymerase interacts with non-B-DNA structures. The distance between the structure and the position at which the polymerase pauses is unknown. Furthermore,
a structure might cause pausing at a specific location, but may also have large
scale effects on polymerase kinetics by altering the surrounding sequence. For
example, when viewed under an electron microscope, the regions around putative G-quadruplexes appear to form single-stranded loops [Duquette et al., 2004].
Measuring the polymerase kinetics on multiple scales allows us to examine both
fine-scale and course-scale interactions between the polymerase and the DNA
template.

Chapter 5. Exploring DNA structure

5.2.3

76

Pacific Biosciences sequencer kinetics

The realtime polymerase kinetics of the Pacific Biosciences sequencer provide
an unprecedented view of the interaction between polymerase and DNA. The
sequencer follows a polymerase and its interaction with a single DNA molecule
in a 100 nm well, detecting the timing of nucleotide incorporation with fluorescently labeled deoxyribonucleoside triphosphates [Eid et al., 2009]. This detailed
recording of DNA synthesis allows modified nucleotides, such as 5-methylcytosine
and N-6 methyladenine to be detected in realtime [Clark et al., 2012, 2013, Flusberg et al., 2010, Lluch-Senar et al., 2013, Murray et al., 2012, Song et al., 2012].
Potential non-B-DNA structures can also be detected realtime, but previously
only hairpin structural regions have been examined [Eid et al., 2009, Korlach
et al., 2010].
The analyses presented here examine the polymerase kinetics at each position
in the genetic sequence. The kinetics are dominated by the interpulse duration
(IPD, measured in seconds) between the adjacent nucleotide reads [Eid et al.,
2009, Feng et al., 2013, Schadt et al., 2013]. By measuring the IPD at each
nucleotide, we examine how the kinetics are related to the sequence composition.
Both sequence composition and kinetics are measured at multiple scales using
the wavelet method.
A major benefit of using Pacific Biosciences sequence data to uncover possible
non-B-DNA regions is the volume of data made available. As genomes are sequenced, the polymerase kinetics for these genomes are always generated as a
by-product of the sequencing. Sequencer kinetics have been made available online [Murray et al., 2012, Schadt et al., 2013], for example, from the sequencing
of entire bacterial genomes for six species [Murray et al., 2012]. We use some of
this available data in our analyses here.

5.3
5.3.1

Methods
Data

Sequencing data from the whole genome amplification of the E. coli genome were
used, taken from the supporting information of Schadt et al. [2013]. These data
are currently available from Pacific Biosciences at http://www.smrtcommunity.
com/Share/Datasets. Native DNA (untreated DNA from the E. coli genome)
was not used in our analyses here because modified nucleotides present in native
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DNA affect kinetics and have an unknown effect on alternative DNA structure
formation.

5.3.2

Decimated wavelet transform

We examine properties of a sequence, S, with a length N (i.e., S = {s1 , s2 , ..., sN }).
To simplify the wavelet approach we assume that N is a power of two, but modified wavelet approaches permit sequences of any length [Nason, 2008]. A decimated wavelet decomposition of the sequence results in a set of coefficients for
each scale, j, where j ∈ {1, 2, ..., log2 (N )} = J. These coefficients take two forms,
the smooth coefficients, sjk , and detail coefficients, dkj . The smooth coefficients
are generated with a low pass filter, H, and the detail coefficients are generated
with a high pass filter, G, applied recursively to generate coefficients for each
scale [Daubechies, 1992, Nason, 2008]. The equations for the low and high pass
filters can be written as:

sj+1
=
k

X

hl sj2k−l

(5.1)

gl sj2k−l

(5.2)

l

=
dj+1
k

X
l

for k = 1, 2, ..., N/2j , where h and g represent the wavelet filter used to transform
the sequence. For this study we chose the Haar wavelet filter [Haar, 1910]. The
Haar wavelet is the simple and easily understood. Additionally, the Haar wavelet
can easily detect sharp changes that occur in the sequence [Nason, 2008]. For
√
√
the Haar wavelet, h0 = h1 = 1/ 2 and g0 = −g1 = 1/ 2 (l ∈ {0, 1}). For
clarity, we will denote each scale of each coefficient by the size of its region, so
our scales are {(2), (4), ..., (N/2)} (e.g., coefficients at the 2 base-pair scale are
(2)

denoted as si

(2)

and di ). For an example, we apply the low pass filter (5.1)

and high pass filter (5.2) to produce the smooth and detail coefficients for the 2
nucleotide scale using the first positions:

1
(2)
s1 = √ (s1 + s2 )
2

(5.3)

1
(2)
d1 = √ (s1 − s2 )
2

(5.4)
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To find the coefficients at higher scales, the filters are applied to the coefficients
of the previous scale. For example:

1 (2)
(2)
(4)
s1 = √ (s1 + s2 )
2

(5.5)

The number of coefficients at each scale is half of that of the previous scale.
Therefore, the decimated wavelet coefficients can be attributed to regions of size
j, but not individual nucleotides in the sequence. This has the disadvantage
of being shift-variant, so that if the sequence is shifted by one nucleotide, the
wavelet coefficients will change. However, we do not believe that shift-variance
is an issue for our analysis here. We generate coefficients within the reads for:
nucleotide composition, polymerase kinetics and insert error. The reads do not
all begin at the same place in the sequence, so the wavelet coefficients do not all
originate from the same place in the sequence. Therefore, this approach that is
nearly shift-invariant in the DNA sequence, but not in the read.
A major benefit of decimated wavelets is the orthonormality of the wavelet basis,
assuming the appropriate wavelet coefficients are used [Daubechies, 1988, 1992].
This allows us to examine variation specific to each scale and also to independently examine relationships between different sequence properties at different
scales. This approach is used in signal processing for compression of video and
audio signals, and is often referred to as multi-resolution analysis [Nason, 2008].
Wavelets have also been used to analyze properties of DNA and protein sequences
[Arneodo et al., 1995, 1996, Dodin et al., 2000, Sawaya et al., 2013, Spencer et al.,
2006], for example examining how different elements in the genome are related
[Sawaya et al., 2013, Spencer et al., 2006].
We limit our analysis to reads longer than 1000 nucleotides and concatenate the
reads together, trimming the resulting vector to its nearest power of two (here
223 nucleotides). Some of the resulting wavelet coefficients span the boundaries
between reads, but we do not feel the low number of these discontinuities create
a problem for the resulting analysis.
All analyses were performed using custom R scripts [R Core Team, 2013], using
the package Wavethresh [Nason et al., 1996].
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Wavelet interpretation of DNA nucleotides

We convert DNA sequences into a wavelet interpretation so that we can compare
wavelet coefficients of the sequence kinetics with nucleotide composition of the
read. Nucleotide composition can be seen as a vector in which the nucleotides
of interest have a value 1 and all other positions have a value of 0. For example,
the sequence 5’-ACTG-3’ can be seen as a set of four vectors for each nucleotide:
A = {1, 0, 0, 0}, C = {0, 1, 0, 0}, T = {0, 0, 1, 0}, G = {0, 0, 0, 1}). Each of these
vectors can then be transformed with the wavelet decomposition to form wavelet
coefficients for each nucleotide. The same approach can be used to examine any
sequences of interest. We examine correlations between the wavelet coefficients
for each factor using Pearson’s product moment correlation.
The power of the wavelet coefficients at any scale is measured as the relative
contribution of the sum of the squares of the detail coefficients at that scale to
the total sum of squares:
(j)

2
i (di )
P owerj = P P
(j) 2
j
i (di )

P

5.3.4

Non-decimated wavelet transform

The shift-variance of the decimated wavelet transform becomes an issue when
we want to attribute wavelet coefficients to specific nucleotides in the sequence.
To overcome this issue, a non-decimated wavelet transform was used for the
128 nucleotide window analysis [Nason and Silverman, 1995, Nason et al., 1998].
The non-decimated wavelet produces wavelet coefficients at each position in the
sequence by using a decimated wavelet transform on each possible shift. The
result is a set of wavelet coefficients representing scaled values at each nucleotide
for each scale. The resulting wavelet basis is no longer orthonormal, although
orthonormal sets can be extracted [Nason and Silverman, 1995, Nason et al.,
1998]. The resulting values are similar to those computed with the decimated
approach above, because this approach is decimated in the sequencer reads not
the DNA sequence. The difference here being that coefficients are generated for
all possible shifts in the sequence, and then attributed to specific nucleotides in
the reference sequence.
We modify the standard approach slightly here so that the results are more
applicable to polymerase kinetics. The non-decimated approach attributes each
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wavelet coefficient to the position in which that coefficient starts. This results in
a value that is, for the Haar basis, the weighted sum of the value at that position
and the values at the downstream nucleotides. If we used this method to measure
polymerase kinetics, the scaled rate of polymerase activity at a specific nucleotide
would depend on the rate at nucleotides that have yet to be sequenced. So for all
positions i in the sequence, the non-decimated high pass filter for the 2 nucleotide
scale would be:

(2)

si

1
= √ (si + si+1 )
2

This would attribute pauses to positions upstream of the pause site. This is
the opposite of the current model of Pacific Biosciences polymerase kinetics, in
which modified nucleotides primarily influence the kinetics before the modified
nucleotide is sequenced, as it enters the polymerase, [Feng et al., 2013, Schadt
et al., 2013]. If we are to stipulate that a DNA structure might influence the
kinetics as the polymerase approaches the structure, and not after the structure
has been sequenced, then we should attribute pauses to the nucleotides at which
they occur and the region downstream of these nucleotides. This is achieved here
by simply reversing the sequence before it is transformed. Following from the
example above, if we reverse the sequence before transformation, the coefficient
becomes:

(2)

si

1
= √ (si−1 + si )
2

The lack of symmetry of the transform is beneficial in this case, but is not entirely
necessary for all wavelet approaches. The Daubechies least-asymmetric transforms can be used in cases for which greater symmetry is desired [Daubechies,
1992].

5.4
5.4.1

Results and Discussion
Correlations between nucleotide composition and kinetics
at multiple scales

We begin our analysis by examining how the nucleotide composition is related
to the kinetics. Using the wavelet analysis we examine these kinetics at multiple
scales, for both the smoothed coefficients and the detail coefficients. We convert

Chapter 5. Exploring DNA structure

81

Smooth Correlations

IPD

Inserts

A

T

C

G

1.0

IPD

0.5

temp

0.0
−0.5

temp

Index

temp

A

Index

temp

Index

T

Detail Correlations

Inserts

−1.0

C

temp

Index

2
4
8
16
32
64
128
256
512
1024
2048

2
4
8
16
32
64
128
256
512
1024
2048

2
4
8
16
32
64
128
256
512
1024
2048

2
4
8
16
32
64
128
256
512
1024
2048

2
4
8
16
32
64
128
256
512
1024
2048

2
4
8
16
32
64
128
256
512
1024
2048

G

temp

Index

Figure 5.1: Correlations between wavelet coefficients within kinetic data.

The Pearson’s correlation between all of the wavelet coefficients are shown for
scales from 2 nucleotides to 2046 nucleotides. Red indicates a positive correlation,
blue a negative correlation. The correlations between detail coefficients are on
the bottom, and the correlations between smooth coefficients are on the top.
The power for the detail coefficients is in the diagonal, indicating the relative
variation at the different scales. The most easily interpreted results are on the
top row, in which correlations shown here are similar to correlations between
densities in a sliding window. The frequency of each base in these reads is
25%. Only reads longer than 1,000 nucleotides were used to avoid complications
caused by boundaries between reads. A total of 223 nucleotides were examined
(approximately 8.4 million nucleotides).
the read information into wavelet coefficients, for the nucleotide composition of
the DNA template, IPD and for the number of incorrect nucleotides inserted
(inserts) at each position in the aligned read. The inserts may represent actual
insertion errors, but are more likely to represent sequencing errors [Eid et al.,
2009]. The nucleotide smooth wavelet coefficients can be understood as the
density of each nucleotide (A, T, C and G) at the varying scales, and the detail
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wavelet coefficients are the changes in this density.
Figure 5.1 shows the pairwise correlations between smooth wavelet coefficients
(top right) and detail wavelet correlations (bottom left). The diagonal displays
the relative power of the wavelet coefficients, indicating the strength of ability
to test for correlations between the coefficients at that scale. For all of the
coefficients examined here, the finest scales have the highest power.
In Figure 5.1 the correlations between the kinetics and the nucleotide composition
for the smooth coefficients are found in the top row, and for the detail coefficients
in the leftmost column. These results indicate that only a tiny percentage of the
variation in kinetics can be attributed to the density of individual nucleotides
in the template. Although some nucleotides are slightly faster or slower than
others, the differences in their kinetics are not large.
These results also demonstrate the benefits of examining multiple scales; some
of these correlations change as the scale changes. For example, the density of
the nucleotide guanine is positively correlated with IPD at fine scales, but at
scales above 32 nucleotides the correlation becomes negative (top right corner
of Figure 5.1). In contrast, the change in the density of guanine is negatively
correlated with the change in kinetics, but only at the finest and coarsest scales
(bottom left corner of Figure 5.1).
However, these large-scale correlations must be interpreted carefully. The nucleotides are not evenly distributed throughout the genome and this can be seen
in the correlations between the nucleotide wavelet coefficients. Because only one
nucleotide can be attributed to each position in the genome, the correlations
between each nucleotide are negative at the finest scales. As the scale increases
we begin to see the nucleotide biases in the sequence: adenosine and thymine are
positively correlated at large scales, and so are cytosine and guanine. This indicates that some regions of the reads are enriched with adenosine and thymine,
and others enriched for cytosine and guanine. This approach is slightly different
than measuring C/G (A/T) content, as the cytosines and guanines (adenosine
and thymine) are enriched together on the same strand. These large-scale nucleotide biases could be partially responsible for the change in the correlations
between kinetics and nucleotide composition between scales.
This method of sequencer read interpretation provides a novel way to view polymerase kinetics. By examining coefficients for regions of increasing size we find
that some properties of the kinetics are scale variant. For example, the IPD
and insert count are slightly positively correlated, and this correlation increases
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with the scale. Therefore, regions in which the polymerase moves slowly have
slightly more insertion errors, and this becomes more pronounced as the region
size increases. This method breaks the reads down into regions of varying size,
but does not attribute values to individual nucleotides in the sequencer read.
Therefore, it is only useful for examining correlations within the reads.

5.4.2

Examining kinetics in a 128 nucleotide window

To examine how scaled values of the kinetics are related to individual nucleotides
in the reference sequence, we use a slight modification of the standard wavelet approach (termed non-decimated wavelet transform, Nason and Silverman [1995],
Nason et al. [1998]). This approach allows the wavelet coefficients to be attributed to specific locations in the read. To localize the scaled values, we have
developed a method that weights each nucleotide with the values of the IPD
of the previous nucleotides, including more of the previous nucleotides as the
scale increases. We chose this approach because modified nucleotides primarily
influence the polymerase as it approaches the nucleotide of interest [Feng et al.,
2013, Schadt et al., 2013]. Similarly, as the polymerase approaches a non-BDNA structure, we expect pausing to occur before the polymerase reaches the
nucleotides that are involved in the structure.
We use this approach to examine specific patterns of interest and their surrounding region. These patterns are found at multiple places in the E. coli genome,
and we aggregate these different regions together to produce a signature of the
combined regions. We are not particularly interested in the regions surrounding
these patterns, and would expect that combining their kinetics would result in
a plot that appears similar to the average kinetics of the entire genome. In this
way, we can visually compare the kinetics within the sequences of interest to
their surrounding region.
Our primary interest is in the kinetics within the pattern of interest. While the
immediate surrounding nucleotides are likely to influence these kinetics, at least
slightly, we assume that if a non-B-DNA structure exists within these patterns,
its existence does not depend on the surrounding regions. We examine these
kinetics only at the finest scales: the raw IPD values, the 2 nucleotide smooth
wavelet coefficients, and the 4 nucleotide smooth wavelet coefficients. The raw
IPD values provide a picture of how the polymerase moves through these patterns
at the single nucleotide scale. The smooth values provide an alternative way to
examine if the region is slowing the polymerase kinetics, using measurements of
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consecutive IPD values within reads. Scaling is important when searching for
pause regions. The polymerase may often pause at a specific nucleotide, but if
these pauses coincide with faster polymerase activity in the surrounding region,
then the regional speed of the polymerase might be normal. By combining the
kinetics of consecutive nucleotides within a read, we can detect if a region slows
polymerase activity.

5.4.3

Kinetic patterns around (GGC)n repeats

Figure 5.2: Guanine tetrad and parallel G-quadruplex.

A tetrad formed by four guanines shown on left, with hydrogen bonds indicated
by thin lines. These tetrads can stack to form G-quadruplexes, shown on the
right. The G-quadrupluex shown has all of its strands in parallel, as indicated
by the arrows connecting the two tetrads. Figure adapted from a Wikimedia
Commons image of guanine that is public domain. Image not to scale.
Tandem repeats composed of (GGC)n have the potential to form non-B-DNA
structures, but the structures that they can form depend on their length (Fojtik
and Vorlickova [2001], Fojtik et al. [2004], Fry and Loeb [1994], Hirst and White
[1998], reviewed in Darlow and Leach [1998]). Short (GGC)n repeats can form
stable quadruplexes (e.g., Figure 5.2), while longer repeats form a hairpinlike structure with some similarity to the G-quadruplex structure [Fojtik and
Vorlickova, 2001, Fojtik et al., 2004, Fry and Loeb, 1994, Hirst and White, 1998].
These structures may form in-vivo, impeding DNA replication [Hirst and White,
1998, Samadashwily et al., 1997]. Expanded (GGC)n repeats are difficult to
genotype because of their impact on polymerase activity [Chen et al., 2003,
Kang et al., 1995, Samadashwily et al., 1997, Solvsten and Nielsen, 2011, Usdin
and Woodford, 1995, Voineagu et al., 2009] but these repeats can be sequenced
with Pacific Biosciences technology [Loomis et al., 2013]. Intriguingly, the Pacific
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Figure 5.3: Kinetics around CGG repeats.

These three graphs show the average polymerase kinetics and their quantiles
for the sequence GGCGGCGGCGG, found in 27 regions in the E. coli genome.
The top graph shows the raw IPD values for the region, representing the time
between base calls, in seconds. In the middle and bottom graphs, the 2 bp (4
bp) smoothing represents wavelet smoothing over a two (four) nucleotide region
within the reads. The smoothed values can be thought of as similar to average
polymerase kinetics over the 2 bp and 4 bp windows. For each measurement,
the black vertical lines are the 90% quantile, the grey vertical lines are the 95%
quantile. A total of 1217 reads were used in the analysis.
Biosciences sequencer kinetics of the fragile-X repeats have strand asymmetry
[Loomis et al., 2013]. When the template is (GGC)n , the polymerase is slower,
and has a higher variance, than when the template is (CCG)n [Loomis et al.,
2013], as would be expected if the G-rich template is forming a non-B-DNA
structure.
Here we examine the kinetics of the sequence (GGC)3 GG, which can be found at
27 locations in the E. coli genome. The E. coli genome sequence examined here
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does not contain (GGC)n repeats longer than (GGC)4 . However, the repeats
examined here have the ability to expand, and some strains of E. coli contain
expanded (GGC)n repeats [Iyer and Wells, 1999]. This sequence is capable of
forming a G-quadruplex structure with two stacked guanine tetrads (Figure 5.2).
These G-quadruplexes can take various forms, but require the planar guanine
tetrads to coordinate. If the strands of the quadruplex are found in parallel (as
seen in Figure 5.2) then the guanines are in the anti position, just as they are in
normal B-DNA. However, if any of these strands run anti-parallel, some of the
guanines must be in the syn position, up-side down from their normal orientation
[Doluca et al., 2013]. The effect that syn nucleotides have on polymerase kinetics
is unknown.
The kinetics around this repeat sequence suggest that a non-B-DNA structure is
present (Figure 5.3). To interpret the results presented in Figure 5.3, examine
both the average IPD value, as well as the quantiles represented by the vertical
lines. The region is interested is highlighted in blue. Pauses occur just before the
sequence, and then again three times within the sequence. All of the pauses occur
at the base immediately preceding the pairs of guanine. If a G-quadruplex were
present in these reads, the cytosines would form the “loops” of the G4 structure.
These pauses are striking because of their magnitude, seen in the high quantile
values displayed. At the slowest position, the first cytosine in the sequence, 10%
of the reads have an IPD value of four seconds or greater (indicated by the dark
vertical line), and 5% have an IPD greater than 8 seconds (indicated by the grey
vertical line). In comparison, the IPD in most of surrounding region rarely has
IPD values over 1 second.
Using wavelet smoothing, the cumulative speed of the polymerase in the region
can be measured. The smoothed wavelet coefficients represent the weighted
sums within each read for the nucleotide and the nucleotides preceding it. The
smoothed results here indicate that the region slows the polymerase. For most of
the surrounding sequence, the smoothing removes the variation in the kinetics.
However, there is a pause region around nucleotide 85 in the window that may
represent another structure present in one or more of the regions examined. The
regions surrounding these repeats were not examined further.
Importantly, the pausing here is strand specific. The opposite strand, composed
of (CGG)3 CC, does not present any impedance to the polymerase and the kinetics in this sequence are nearly indistinguishable from the surrounding region
(Figure 5.4). This rules out C/G content or presence of CpG dinucleotides as
the sole cause of the pausing around the (GGC)n repeat region.
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Without further experimentation, we cannot conclude that G-quadruplexes are
present in these reads with certainty. However, the pattern of kinetics around
the sequence examined appear strikingly similar to what would be expected if
a G-quadruplex were occurring. Further work will be necessary to determine
whether these pauses are in fact quadruplexes, or whether another structure is
present. Nevertheless, something is causing the polymerase to slow down in the
region, suggesting a non-B-DNA structure is present.
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Figure 5.4: Kinetics around CCG repeats.

These three graphs show the average polymerase kinetics for the sequence
CCGCCGCCGCC, found in 27 regions in the E. coli genome. A total of 1222
reads were used in the analysis. The top graph shows the raw IPD values for
the region, in seconds. In the middle and bottom graphs, the 2 bp (4 bp)
smoothing represents wavelet smoothing over a two (four) nucleotide region
within the reads. For each measurement, the black vertical lines are the 90%
quantile, the grey vertical lines are the 95% quantile.
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Kinetic patterns around (CG)n repeats

Z-DNA is a left-handed double helix that, roughly speaking, can form in alternating purine-pyrimidine sequences with a G/C content above 50% (Li et al.
[2009], Schroth et al. [1992] reviewed in Wang and Vasquez [2007b]). Z-DNA has
a zig-zagging backbone, and its guanines are found in the syn position, forming
Hoogsteen base-pairing with their corresponding cytosines [Wang and Vasquez,
2007b]. Z-DNA can be induced in these sequences if they are under torsional
strain [Liu et al., 2006], even in minute amounts [Lee et al., 2010]. Z-DNA can
cause transcriptional blockage, but only under torsional strain [Peck and Wang,
1985].
The tandem repeat (CG)n is the most stable Z-DNA forming sequence, and
longer repeats are more likely to form Z-DNA [Wang and Vasquez, 2007b]. However, repeats as small as (CG)3 have been shown to form Z-DNA [Wang et al.,
1979]. The E. coli genome contains 9 regions with the repeat (CG)5 . Because
the repeat is palindromic, there are 18 different unique regions with this pattern (9 forward strand, 9 reverse strand). As before, we aggregate these regions
together to examine their kinetics.
The kinetics within this repeat produce an interesting pattern (Figure 5.5).
Most of the cytosines in the repeat region have a slightly high average IPD value,
while the guanines have a slightly lower average IPD value. More interesting,
the cytosines can sometimes have an IPD over 1 second. As indicated by the
vertical bars in Figure 5.5, 10% of the IPD values at most of the cytosines are
over 1 second, and 5% are greater than approximately 2 seconds in duration. In
contrast, the majority of the IPD values at the guanines are very small (most of
their 90% and 95% ranges are less than 0.5 seconds).
Though interesting, these results are not strong evidence that any non-B-DNA
structures occur in these repeat regions. This region does not cause obvious
polymerase pausing, as indicated by the smoothed wavelet values. The alternating high and low IPD values suggests that the backbone may be in a unique
formation and/or some of the guanines may be in syn. However, most sequences
have a unique kinetic signature [Feng et al., 2013, Korlach et al., 2010, Schadt
et al., 2013] and these results might simply be the signature of this sequence in
its B-DNA form.
Z-DNA might partially account for the kinetics seen here. However, if Z-DNA
is having an effect, it is more likely to have been present before the polymerase
reached the repeat region, leaving some or all of the guanines in the syn position
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and the DNA backbone in a zig-zagging form. Therefore, these kinetics might not
represent Z-DNA, but rather an intermediate structure that has a unique kinetic
signature. Further experimentation might be able to stabilize Z-DNA within the
sequencer, helping to determine if and how it affects polymerase kinetics.
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Figure 5.5: Kinetics around CG repeats.

These three graphs show the average polymerase kinetics for the sequence
CGCGCGCGCG, found in 18 regions in the E. coli genome. A total of 746
reads were used in the analysis. The top graph shows the raw IPD values for
the region, in seconds. In the middle and bottom graphs, the 2 bp (4 bp)
smoothing represents wavelet smoothing over a two (four) nucleotide region
within the reads. For each measurement, the black vertical lines are the 90%
quantile, the grey vertical lines are the 95% quantile.

5.4.5

Potential applications

Knowing which sequences can pause polymerase can be useful, especially for
tandem repeats. In PCR, allelic dropout can cause genotyping errors if a heterozygote has one allele that causes pausing and another that does not [Wenzel
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et al., 2009]. Alleles that replicate slowly can be out-competed by faster alleles.
If a guanine rich tandem repeat is the target, this allelic dropout can be especially problematic [Wenzel et al., 2009]. By predicting which sequences cause
polymerase pausing, methods can be employed to avoid allelic-dropout in PCR
amplification [Haqqi et al., 2002, Henke et al., 1997, Wenzel et al., 2009].
Even if PCR is not used, polymerase pausing may nevertheless introduce genotyping errors. If one allele causes a large amount of pausing in the Pacific Biosciences sequencer, then its coverage will be reduced. If coverage is low, then an
allele that pauses might appear as a sequencing error because it will be covered
at a lower frequency than alleles that do not cause pausing. The extent to which
this will be a problem for sequencing has yet to be determined, but relative rates
of sequencing should be considered as a potential source of sequencing errors,
especially in tandem repeat sequences where changes in tandem repeat number
can alter non-B-DNA forming potential [Bacolla and Wells, 2009].
With the large amount of Pacific Biosciences sequencer kinetics available, identifying new pause sites will be possible. These pause sites might be regions of
non-B-DNA formation, and could be targeted for further research on non-BDNA structures. While the exact structure that forms in the sequencer may
never be determined, the important fact remains that these sequences can cause
DNA polymerase pausing, and this has implications for PCR as well as our understanding of genome function. If RNA polymerase pauses at these regions
in a similar manner, then the pausing seen in the sequencer might indicate
regions where DNA has an intrinsic ability to reduce gene expression, as has
been found for G-quadruplex sequences [Eddy et al., 2011, Kendrick and Hurley,
2010]. If the DNA structure is acting as a polymerase speed-regulator [Bagga
et al., 1990], then some DNA sequences would be intrinsically more difficult to
transcribe and/or replicate. This has the greatest implication for regions with
tandem repeats, because tandem repeat variation is common due to the high rate
of tandem repeat expansion and contraction, and these common polymorphisms
can result in variation in DNA structural potential [Bacolla and Wells, 2009].
Human promoters are enriched with sequences that are predicted to have Gquadruplex forming potential [Huppert and Balasubramanian, 2007]. Promoter
G-quadruplexes are associated with transcriptional pausing [Beaudoin and Perreault, 2010, Eddy et al., 2011] and appear to affect relative rates of gene expression [Baral et al., 2012, Verma et al., 2009]. Some of these promoter Gquadruplex regions are composed of tandem repeats [Sawaya et al., 2013]. When
these quadruplexes are on the template strand, they have the ability to pause
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RNA polymerase and reduce the rate of transcription. If a tandem repeat with
quadruplex forming potential were to expand, it could potentially result in an
allele that is nearly incapable of being transcribed. By examining how tandem repeats cause polymerase pausing in Pacific Biosciences sequencer reads, we might
better predict which tandem repeats impede gene expression.
Ultimately, the ability of a sequence to pause polymerase may be directly related
to mutation rates. Secondary structures are related to DNA mutation, especially
around tandem repeats [Bacolla et al., 2011, Iyer and Wells, 1999]. In E. coli, the
formation of DNA hairpins is associated with tandem repeat instability on the
leading strand of DNA synthesis [Iyer and Wells, 1999] and non-B-DNA forming
sequences can increase the local rate of mutation [Bacolla et al., 2011]. By
improving our ability to predict which sequences form non-B-DNA structures,
we may better predict where mutations will occur.
And finally, research into how DNA structures can pause polymerase in the
Pacific Biosciences sequencer may be useful for predicting modified nucleotides.
If different structures are present in different reads, then accounting for these
different states could improve detection of modified nucleotides. This is especially
interesting considering that nucleotide modification can influence non-B-DNA
structural formation and stability. For example, Z-DNA is stabilized by cytosine
methylation [Behe and Felsenfeld, 1981, Temiz et al., 2012, Zacharias et al.,
1990]. Modified nucleotides were not present in the DNA that was used in this
analysis.

Limitations and potential improvements
Other models of Pacific Biosciences polymerase kinetics utilize local sequence
context to detect base modifications Feng et al. [2013], Schadt et al. [2013].
Unlike these methods we do not thoroughly examine all possible sequences to
model the kinetic variation between different sequence contexts. These methods
also provide a statistical method by which modified nucleotides can be detected.
In contrast, our method does not claim to offer statistical detection of alternative
DNA structures. We simply offer a way by which sequence can be examined
for polymerase pausing in Pacific Biosciences kinetics, something not offer by
previous models. We are unaware of any other software that allows users to
determine whether long pauses (e.g. over a few seconds) are common in their
sequencer results. Therefore, here we offer a method by which sequencer kinetics
can be explored for polymerase pausing, which may be caused by non-B-DNA
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structures. Further experimentation is required to conclusively demonstrate that
specific alternative structures are involved in these polymerase pauses. We hope
the methods and software we have provided here will be useful in these potential
future experiments.
The wavelet model used here has the potential to be developed further to allow computationally efficient modeling of the kinetics at multiple scales. Regions which show polymerase pausing can then be targeted for more intricate
models of the potential DNA conformations. Our analyses here suggest that
these polymerase kinetics provide an unprecedented view of DNA structure, and
as more Pacific Biosciences data becomes available, methods examining non-BDNA structure can be refined. Furthermore, these methods can also be applied
to other approaches, such as the FRET based approach to measuring polymerase
speed [Schwartz and Quake, 2009] or nanopore based detection of non-B-DNA
structure [Shim and Gu, 2012]. We hope these and future results will improve
our understanding of DNA chemistry and its relationship to polymerase activity.

Chapter 6

Conclusion and future
directions
6.1

Concluding remarks

Much of the research in this thesis was inspired by the hypothesis that tandem
repeat variation can be selectively beneficial. None of the results presented in
this work are intended to support this hypothesis per se. The conservation of
these elements cannot be interpreted as direct selection for mutability. Nevertheless, the results presented in Chapter 3 provide insight into which genetic
pathways may favor variability. The pathways listed in Table 3.3 indicate that
genes involved in regulating development contain highly conserved promoter microsatellites. These microsatellites have the potential to regulate these pathways
in multiple mammals, and therefore studying them in humans or a model organism like mouse could have wide-ranging implications for mammalian phenotypic
variation. So although this research does not directly test for selection on hypermutability, it does indicate which genes might be influenced by conserved
tandem repeats.
As a source of phenotypic variation, tandem repeats may improve our ability
to survive through changing environments (Chapter 1). But no matter the evolutionary reason for their presence in the human genome and conservation in
mammals (Chapter 3), tandem repeats are potential sources of phenotypic variation and can cause disease. Chapter 4 outlines where microsatellite can be
found in the human genome, and uncovers a potentially important relationship
between microsatellites and the DNA structure G-quadrulex. The prevalence of
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microsatellites in regulatory regions and their overlap with predicted DNA structures suggests that some of these regions should be targets for disease association
studies.
Technological challenges prevent targeting of tandem repeats on a large scale,
for example in disease association studies. Hopefully advances in sequencing
technology will continue to reduce the cost of sequencing difficult tandem repeats.
One such recent advancement is the Pacific Biosciences sequencer, discussed in
Chapter 5. This sequencing technology provides more than just the ability to
sequence difficult tandem repeats; it provides a way to examine the kinetics of
the sequencer to uncover potential DNA structures.
The results presented in this thesis indicate that regulatory tandem repeats are
potentially important sources of genetic variation. Some of this variation may
affect the stability of alternate RNA or DNA structures, like the G-quadruplex.
Our ability to predict G-quadruplexes and other DNA structures is limited. This
thesis details a method by which tandem repeats can be examined for their ability
to form these alternative structures (Chapter 5). Understanding which tandem
repeat variants will form these structures may help us predict which variants are
causing disease.
By determining which tandem repeats can cause genetic disease, we hope to be
able to improve disease prevention and increase the effectiveness of our medicines.
By examining how tandem repeats can form various DNA structures, and measuring how these structures interfere with polymerase, we will improve our understanding of DNA chemistry and its impact on biological processes. Ultimately,
research on tandem repeats will improve our understanding of the evolutionary
process. This thesis advances our understanding of these important topics and
I hope to continue contributing to these topics in the future.

6.2

Future research on human promoter microsatellites

While studying the genes that contain conserved promoter microsatellites, I uncovered some important regulatory genes that contain microsatellites in their
regulatory regions: the 5’ UTR and the promoter region immediately upstream
of these genes. Some of these microsatellites have been examined previously
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for their ability to affect gene expression or their association with human phenotypes. But more work is necessary to prove conclusively that these microsatellites
modulate human phenotypes.
Working with the lab of Dr. Mitali Mukerji, including Dr. Tav Pritesh Sethi
and Dr. Rajesh Pandey, we are investigating the role of promoter microsatellites
that have the potential to regulate body size and influence disease predisposition.
At the time of thesis completion, we are investigating two microsatellites in the
insulin-like growth factor pathway that we believe to be critical regulators of
development and growth. Results are only preliminary, but hopefully we will
soon have enough data to further test whether microsatellites in this pathway
are inducing variation in humans.
The exciting potential in this collaboration is due to the extensive physiological measurements taken on the cohort being examined. In addition to testing
whether these microsatellites are associated with body size, we can also examine which physiological traits might be influenced by this pathway. Modern
medicine has already associated some physiological measurements with disease
predisposition, and the data generated from this group might help uncover new
physical measurements that indicate disease predisposition. Finding the connection between physiological traits and the genes that influence them will be key
to advancing medicine into the genetic age.
The few microsatellites examined here on a relatively small number of individuals
will hopefully just be the first step. If all goes well, this research could lead to
testing more loci and replicating our results in other cohorts. New loci could
potentially be determined by the conservation measurements that can be found in
Chapter 3. If the conserved loci are found to modulate phenotypes in humans, the
same loci may have similar effects in other mammals, with potential implications
for veterinary medicine.

6.3

Future research on sequencing tandem repeats

The primary method for genotyping tandem repeats is amplification of the repeat
region, and then determining the length of the product. This method cannot
target more than one tandem repeat at once, and insertions or deletions in the
surrounding sequence can influence the product length. Therefore it is not a
precise method for determining tandem repeat size.
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As discussed in Chapter 5, Pacific Biosciences sequencing technology holds great
potential for genotyping tandem repeats. Not only is it capable of genotyping
difficult to sequence repeats [Loomis et al., 2013], but its long sequence reads
allow it to cover long haplotypes. Some regions of the genome contain multiple tandem repeats in close proximity. Genotyping these regions using standard
methods would be impossible, as each tandem repeat needs to be targeted individually for amplification. With the Pacific Biosciences sequencer, the entire
region can be amplified and then sequenced, providing the lengths of each tandem repeat as well as the entire haplotype. This will allow us to determine how
much each of these tandem repeats interact to influence phenotypes, which was
discussed briefly in relation to DNA structure in Chapter 2.
By offering my expertise on tandem repeats, DNA structure and its influence on
polymerase activity, my goal is to help Pacific Biosciences and their customers
with the sequencing of these highly polymorphic regions. By sequencing human
regulatory regions that contain a large number of tandem repeats, we can help
determine how these regions can result in disease. As discussed in Chapter 5,
the sequencer kinetics provide great insight into how tandem repeats can form
unusual DNA structures, and how these structures influence polymerase activity.

6.4

Underlying themes in methodology

Throughout this thesis there is an underlying theme in the statistical methodology. DNA sequences and their properties, such as polymerization rate, are examined at multiple scales. Important properties of DNA vary as scale changes.
Chapter 3 examines how microsatellites evolve in mammalian genomes. As discussed in that chapter, phylogenetic models of repeats at the single-nucleotide
scale cannot easily be used to measure their conservation. A larger scale is used
to simplify the statistics and allow easy interpretation of microsatellite conservation. Chapter 4 examines how the organization of the human genome can be
viewed at multiple scales. Importantly, the relationship between different elements in the genome can change as scale changes. And in Chapter 5 polymerase
kinetics are examined at multiple scales, demonstrating that the relationship
between base composition and kinetics depends on the scale examined.
The primary method by which multiple scales were examined is with the wavelet
transform of the sequence. The wavelet method is ideal for examining multiple
scales. As a sequence (or time-series) is scaled, more than one element in the
sequence is examined. Exactly how these elements are scaled affects the variation
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in the scaled measurements. Wavelets are a method for scaling that allows
variation to be comparable between scales [Nason, 2008]. There are multiple ways
in which wavelets can be used, and relatively simple approaches were chosen here.
Improving these approaches in the future will help us better measure multi-scale
properties of DNA.
Applications of wavelets to biological data include their use to examine largescale properties of genomes [Arneodo et al., 1995, 1996, Dodin et al., 2000].
These methods are not dissimilar to the methods in Chapter 4 used to examine multi-scale correlations in the human genome, which were adapted from
Spencer et al. [2006], where wavelets were used to examine human recombination rates. Wavelets have also been used to examine variation in mutation rates
across genomes [Morozov et al., 2000], and to examine strand asymmetries in
mammalian genomes [Baker et al., 2010].
A novel wavelet approach is found in a relatively recent study examining the
relationship between copy number variants and gene expression [Tran et al.,
2011]. This study benefitted from wavelets because the size of the copy number
variant can take a wide range of values. The wavelet method they used allowed
for regions of varying size to be correlated with variation in gene expression, and
uncovered new regions that may be influencing gene expression relevant to the
development of breast cancer [Tran et al., 2011].
Wavelet methods are ideal for measuring properties of DNA at varying scales
[Arneodo et al., 1995]. Chapter 4 demonstrates that the relationship between
different elements in the genome can have different properties at different scales.
This is also seen in 5, where the relationship between nucleotide densities in the
E. coli genome vary as scale increases. By interpreting the DNA sequence itself
as a wavelet, higher scale properties emerge. This contrasts the way in which
DNA is typically viewed, at the finest scale, the single nucleotide resolution.
Large amounts of data are currently being produced in genetics, and the wavelet
methods have the potential to improve the analysis of this data. Other potential
applications of wavelets include examining densities of DNA methylation across
the genome at multiple scales or examining the relationship between transcription factor binding sites and their surrounding DNA sequences. Wavelet methods
can provide computationally efficient and statistically appropriate multi-scale
analyses with great potential in the field of genetics.
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Final thoughts

Most of the data analyzed in this thesis was produced by someone other than
me, sometimes generated to test hypotheses that are quite different than those
examined here. This highlights an important aspect of science. The generation
of new data is sometimes as important as the initial hypotheses tested with that
data. By working together to generate useful data and reproducible methods,
scientists can better understand big problems, problems that cannot be fully
understood by working alone. The human genome is one of these big problems.
We have sequenced it but we do not fully understand it. To better understand
the human genome, scientists around the world must work together, sharing as
much data as possible. I hope the data and methods published in this thesis will
help other scientists with their research and improve our ability to decode the
human genome.
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