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Centromeres are specialized regions of eukaryotic chromosomes that ensure faithful transmis-
sion of genetic information at each cell division. The molecular architecture of centromeres is de-
fined by evolutionarily dynamic protein and DNA components, which have been proposed to
contribute to the origin of new species, while defects in centromeres have been linked to human
disease. Centromeres are embedded in regions composed of large arrays of head-to-tail ‘satellite’
DNA elements, which are not amenable to many conventional genomic analyses.

Here, I describe the development of methods for the analysis of repetitive genomic regions and
apply these tools to study primate centromeres, which are composed of ~170-bp α-satellite units.
Although centromeric DNA is known to be polymorphic in humans, comprehensive cataloguing
of variants at centromeres has not been possible. To gain insight into centromeric genetic variation,
I developed a method that uses single-molecule sequencing for analyzing characteristic sequence
periodicities called higher-order repeats that arise in human centromeres. The application of this
approach to catalogue inter-individual, population-scale, and disease-associated structural varia-
tion identified extensive polymorphism in centromeres associated with binding sites for CENP-B,
a sequence-specific DNAbinding protein. Thiswork also defined a set of functionally importantα-
satellite dimeric units that are underrepresented in current centromere models and demonstrated
aberrations in centromeric sequence in breast cancer. I suggest a role for CENP-B in the evolution
and maintenance of higher-order periodicities in centromeric arrays.

Although α-satellite is present at the centromeres of most primates, the precise mechanisms



of evolution of centromeric DNA and the contribution of genetic sequence to the specification
of centromere identity remain unresolved. I examined centromere evolution in primates using a
combination of data from different whole-genome sequencing methods. This approach demon-
strated the presence of higher-order periodicities in all primates and identified an important role
for CENP-B in shaping centromeric repeat organization. Further analysis of α-satellite uncovered
interspecific variation in the presence of short inverted repeats, whichmay form hairpin and stem-
loop structures. Based on these data, I propose a genetic mechanism for centromere specification
that depends on the formation of cruciform or other non-B-form nucleic acid structures.

Taken together, this work enables the cataloguing of variation in satellite DNA, defines im-
portant evolutionary transitions in primate centromeres, and advances a model for primate cen-
tromere evolution and a theory for centromere specification.
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Chapter 1

INTRODUCTION

Assembled genomes have singularly underwritten advances in modern biology and promise
to fundamentally revolutionize the practice of medicine. Yet almost two decades after the con-
clusion of foundational assembly efforts, including the Human Genome Project, many eukaryotic
genome assemblies remain incomplete (Eichler et al., 2004; Miga, 2015). Gaps in assemblies occur
in loci made up of highly repetitive ‘satellite’ DNAs, which can account for substantial fractions
of complex genomes (Britten and Kohne, 1968) and are thought to play important roles in organ-
ismal evolution and the pathogenesis of disease (Csink and Henikoff, 1998; Henikoff et al., 2001;
Marshall et al., 2008). Although these regions were historically prominent in genome biology, the
experimental and computational intractability of satellite DNAs has led to the de facto exclusion of
these genomic regions from what is arguably the major project of the post-genomic era: linking
information encoded in the basepair sequence of the genome − genotype − to the actualization of
that information in living cells and organisms − phenotype.

1.1 Satellite	DNA and	primate	centromeres

In many eukaryotes large arrays of tandemly repeated satellites make up centromeres − the cis-
acting loci that ensure faithful disjunction of chromosomes at eachmitotic andmeiotic cell division.
Primates centromeres are made up of megabases of ~170-bp α-satellite repeats, which undergo
rapid, concerted evolution. The conservation of alphoid DNA as the fundamental centromeric
unit in simian primates suggests an important role for these genetic elements in centromere speci-
fication; however, centromere identity is thought to be determined independently of sequence via
inheritance of the histone H3 variant CENP-A through poorly defined mechanisms.

The difficulty of studying satellite DNAs, particularly using genomic approaches, has pre-
cluded a clear understanding of intra- and inter-specific genetic variation in centromeres. Al-
though alphoid DNAwas first characterized in the early 1970s (Maio, 1971), inter-individual poly-
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morphism in in centromeres remains understudied (Miga, 2015). In humans, α-satellite repeats
are organized into dynamic, chromosome-specific multimeric units called higher-order repeats
which are themselves repeated in head-to-tail fashion to make up homogenous, megabase-scale
centromeric domains. Variation in centromeric DNA between individuals has been documented
and has recently been shown to impact centromere function (Aldrup-MacDonald et al., 2016); how-
ever, it has not been possible to comprehensively characterize the scale of this variation in human
populations or in diseases such as cancer, which may be associated with centromere dysfunction.

Relatedly, a clear picture of centromere evolution and repeat organization in primates has
remained elusive. For example, while the mechanisms that direct tandem repeat evolution are
thought to be universal (Dover, 1982), the architecture of centromeric repeats appears to be highly
species-specific as higher-order repeats have not been described inOldWorldMonkeys or prosimi-
ans (Alexandrov et al., 2001). Further, although the foundational kinetochore structure in primates
is thought to be the same (Schueler et al., 2010), binding sites for the deeply conserved sequence-
specific DNA binding protein CENP-B are absent in the centromeres of many primates (Goldberg
et al., 1996).

1.2 Aims

Given the challenges inherent in studying satellite DNA and important open questions surround-
ing variation in centromeric DNA, I endeavored to develop new approaches for characterizing
repetitive centromeres. This work can be broadly categorized into two phases: First, I sought to
establish an assembly-independent tool based on single-molecule sequencing for analyzing pri-
mate centromeres and apply this method to characterize inter-individual and disease-associated
variations in human centromeres. Second, I aimed to use a sequence analysis approach to con-
tribute new insights into mechanisms underlying the evolution and specification of centromeres
in primates.

1.3 Dissertation	overview

Chapter 2 provides an overview of centromere biology and satellite repeats with a particular
emphasis on centromeric DNA in humans and other primates.
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Chapter 3 describes a method for assembly-independent characterization of the organization
of centromeric DNA. This approach takes advantage of single-molecule sequencing and provides
the means to comprehensively catalogue the sequence architecture of repetitive centromeres. The
application of this approach revealed extensive inter-individual centromeric structural variation
and changes to centromeric DNA in cancer. Themethodological details are relegated toAppendix
A.

Chapter 4 summarizes efforts to understand the evolution of centromeric DNA in the primate
lineage. The application of the approach described in Chapter 3 identified differences in the orga-
nization of centromeric sequence in a sampling of primates that correspondedwith the presence of
the recognition site for CENP-B, the only sequence-specific DNA-binding protein known to local-
ize to centromeres. Analysis of centromeric satellite DNA variation in primates supports a general
model for centromere specification based on the formation of cruciform structures in satellite DNA.
A detailed of description of the methods is included in Appendix B.

Chapter 6 places this work in the broader context of centromere genomics and looks forward,
outlining future directions with an emphasis on evolutionary biology and human disease.
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Chapter 2

THE CENTROMERE

This chapter provides a DNA sequence-centric overview of centromere biology, beginning with
foundational studies of eukaryotic genome organization and concluding with a survey of recent
genomic analyses of centromeric repeats.

2.1 Satellite	DNA

Eukaryotic genomes can be broadly classified on the basis of sequence composition into unique
and repetitive fractions (Britten and Kohne, 1968). The unique component of genomes generally
contains protein-coding genes and regulatory regions. The repetitive fraction can, in turn, be fur-
ther subdivided based on the relative abundance of its constituent elements: Moderately repeated
regions are comprised of interspersed genetic elements such as transposons, whereas the highly
repeated fraction contains head-to-tail tandem repeats of elements known as satellite DNAs (satD-
NAs) (Britten and Kohne, 1968; Charlesworth et al., 1994; Jurka et al., 2007).

The meaning of the term ‘satellite’ in this context has evolved with the innovation and applica-
tion of technologies for analyzing genomes. Equilibrium ultracentrifugation was the first of these
foundational tools (Beridze, 1986). Investigation of the behavior of solutions of fragmented ge-
nomic DNA in sedimentation equilibrium density gradients (Meselson et al., 1957) led to the coin-
ing of the term ‘satellite DNA’ (Kit, 1961). Upon centrifugation, DNA fragmentsmigrate to regions
of zero net force where their tendency to diffuse is counterbalanced by sedimentation, forming
isopycnic bands (i.e., zones of molecules with similar densities). In comparison to DNA from bac-
teriophages λ and T4, which formed Gaussian bands, DNA from calf thymus DNA produced an
apparently skewed unimodal band (Meselson et al., 1957), suggesting compositional heterogene-
ity. Subsequent studies established that this skewing was due to the presence of discrete subpop-
ulations of peripheral or satellite bands and further demonstrated that eukaryotic DNA generally
behaves in this manner in cesium chloride (CsCl) density gradients (Beridze, 1986). The use of
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agents that increase the buoyant density of DNA (such as heavy metals) facilitated fine-scale anal-
ysis of minor fractions of satDNAs (Jones, 1973). Classical satDNAs are therefore defined based on
their predilection for forming peripheral bands in CsCl equilibrium gradient ultracentrifugation.

The nextmajormethodological advancewas the development of C0t analysis, inwhich the reas-
sociation kinetics of denatured DNA is measured at varying temperatures with C0t indicating the
product of initial DNA concentration and incubation time. In these experiments, the presence of
high-copy DNAwas inferred from the observation of a rapidly reannealing fraction. A pioneering
study ofmouseDNA identified a fractionwith rapid reassociation kinetics, which corresponded to
a previously observed density gradient satellite band (Waring and Britten, 1966). C0t analysis also
helped estimate the length of the repeat unit at ~150-300 bp in rodents (Hennig andWalker, 1970).
Measurement of DNA reassociation kinetics thereby expanded the conception of satDNAs by pro-
viding evidence of their repetitive nature and led to the definition of ‘kinetic’ satellites (Beridze,
1986). Further, the demonstration of an inverse proportionality between DNA content and reas-
sociation rate in a variety of organisms established the universality of highly repeated DNA in
eukaryotic genomes (Britten and Kohne, 1968).

Early molecular methods were critical in pinning down the sequence and localization of satD-
NAs. For example, complete nuclease digestion of DNA fractions coupled with polyacrylamide
gel column analysis (Corneo et al., 1968) and partial enzymatic degradation-based fingerprinting
(Southern, 1970) revealed profound compositional variation in satDNA compared to main band
DNA consistent with their differing buoyant densities (Jones, 1973). The placement of satDNAs at
particular genomic loci followed from three key observations: Schildkraut and Maio (1968) recov-
ered satDNAs from nucleoli of mouse cells, Maio and Schildkraut (1969) then went on to demon-
strate that mouse chromosomal DNA soluble in 2MNaCl was enriched for main band DNAwhile
the satDNA remained in the insoluble pellet, and Yasmineh and Yunis (1969) isolated satDNAs
directly from mouse heterochromatin. Shortly thereafter, some of the first in situ hybridization
experiments employed radiolabelled satDNAs to localize these elements to centromere-proximal
domains on mouse chromosomes (Pardue and Gall, 1970; Jones, 1970). Hints of the potential func-
tions of satDNAs were beginning to emerge.

The third transition in the definition of satDNAs accompanied the advent of restriction analy-
sis and DNA sequencing. Mowbray and Landy (1974) reported the liberation of specific repeated
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fragments from calf thymus DNA upon restriction digestion and showed these ~1 kb fragments to
have CsCl gradient buoyant densities similar to classical bovine satellites. Concomitantly, Botchan
(1974) used a similar approach to identify a 1.4 kb tandemly repeated bovine satDNA and further
uncovered internal repeats within a single satellite unit through analysis of renaturation kinet-
ics. Both of these studies demonstrated the now classic laddering pattern produced by partial
restriction digestion of satDNAs, heralding the conception of ‘restriction’ satellites (Beridze, 1986).
Restriction digestion, especially in the context of Southern blotting (Southern, 1975a), continues
to remain the gold standard for the characterization of the structure and organization of tandem
repeats in eukaryotes. Sequence analysis of restriction-defined satDNAs from the African Green
Monkey led Rosenberg et al. (1978) to distinguish between ‘simple’ and ‘complex’ satellites, com-
posed of short oligonucleotide segments and long period repeats (170 bp in the African Green
Monkey), respectively.

Since the 1980s, the deluge of DNA sequence information and progress in comparative ge-
nomics has lead to the usage of the term “satellite” as a catch-all for repetitive genetic elements,
with tandemly repeated elements defined based on length of the repeated unit: microsatellites are
2-5 bp in length, minisatellites are ~16-60 bp in length, while satDNAs tend to be>100 bp in length
(Charlesworth et al., 1994). Minisatellites and microsatellites, which are also called variable num-
ber tandem repeats (VNTRs) and have important clinical (Gatchel and Zoghbi, 2005) and foren-
sic (Chambers et al., 2014) implications due to instability/polymorphism, correspond to simple
oligonucleotide repeats, whereas ‘satellite’ in today’s parlance refers to the complex elements de-
scribed by Rosenberg et al. (1978). This expansive definition of satDNAs as complex, long-period
repeats will be used throughout.

The function of satDNAs with regard to their heterochromatic and centromeric localization
generated great interest andwas the subject of intense speculation as early as 1970− in part driven
by the lack of evidence for transcription and protein coding potential of satDNAs (Walker, 1971).
A “News & Views” piece published in Nature (1970) provides a glimpse into the thinking at the
time:

Localization of satellite DNA in the centromere regions of mitotic chromosomes, how-
ever, is most interesting... Their restricted and highly reiterated base sequences might
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be the molecular basis of chromosome pairing between... A host of experiments and
speculations leap to mind. Perhaps satellite DNA plays some part in the assembly of
the mitotic spindle, for example, by influencing... the attachment of chromosomes to
the spindle... The localization of satellite DNA in centromere regions may suggest ex-
planations of some of its bizarre properties, but many questions remain.

Major tenets of the contemporary theory of satDNAs, especially relating to their centromeric
function, were already being considered and debated in 1970; however, a coherent picture of the
functional role of satDNAs remained elusive. Evaluating the field at the end of the 1970s, Miklos
and John (1979) wrote (emphasis theirs):

These studies in man, like comparable ones in numerous other organisms, have failed
to yield positive results on what should, after all, be their primary objective, namely,
the functional aspects of human heterochromatin and satellite DNA. Indeed, much of
the current research on satellite DNA appears to be directionless from the point of view
of function.

Below, I attempt to chronicle the progress made towards understanding the centromeric function
of satDNAs.

2.2 Centromere	structure	and	organization

Nearly a century before the characterization of the first satDNAs, centromeres were located bymi-
croscopy at the primary constrictions ofmetaphase chromosomes (Flemming, 1882), where they in-
teract with the spindle apparatus to effect disjunction of chromosomes at each cell division. These
cell biological studies were also important in cataloguing the diversity of strategies for centromere
organization (Figure 2.1): The simplest centromere is the point centromere of the budding yeast
Saccharomyces cerevisiae, which interacts with a single spindle microtubule; whereas ‘regional’ cen-
tromeres found in the fission yeast Schizosaccharomyces pombe and ‘satellite’ centromeres in many
metazoans are discrete loci composed of kilobases to megabases of repetitive DNA and interact
with multiple microtubules (Steiner and Henikoff, 2015; Drinnenberg et al., 2016). In contrast to
regional/satellite centromeres (Figure 2.1), holocentromeres, found in a variety of organisms such
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as some nematodes and insects, span the length of chromosomes (Steiner andHenikoff, 2015; Drin-
nenberg et al., 2016). This work is primarily concerned with regional/satellite centromeres.

Themolecular architecture of the primary constriction is complex. Electronmicroscopy defined
a deeply conserved trilaminar organization of the kinetochore − the large proteinaceous complex
assembled at the centromere to functionally link chromosomes to the spindle apparatus (Cheese-
man and Desai, 2008; Cleveland et al., 2003; Santaguida and Musacchio, 2009). The outer regions
of the kinetochore contain structural and signal integration components that play critical roles in
maintaining genome stability through their interaction with microtubules during cell division, in-
volvement in the resolution of sister chromatid cohesion, and participation in the metaphase and
anaphase cell cycle checkpoints (Cleveland et al., 2003; Santaguida and Musacchio, 2009). The in-
ner kinetochore directly interfaces with centromeric chromatin − a highly specialized nucleopro-
tein complex that can be distinguished from chromatin elsewhere in the genome by the presence
of unique DNA and protein components (Figure 2.1).

2.2.1 Centromeric	DNA

Although the basepair sequence of centromeric satDNA can be extremely divergent even among
members of closely related species, the general pattern of sequence organization is conserved. Ex-
cepting point- and holo-centromeres, centromeric DNA is composed of repetitive elements. Func-
tional centromeric sequences, which are competent for kinetochore formation, tend to be AT-rich
and embedded within homogenous arrays of head-to-tail tandem repeats. These repeat arrays are
flanked by regions that harbor interspersed elements such as transposons, which constitute peri-
centric heterochromatin. The length of centromeric satDNA units can vary substantially from 5
bp to >1.4 kb; however, they tend to evenly divide or be integer multiples of mononucleosome
length (~150 bp), which likely facilitates chromatinization (Melters et al., 2013; Heslop-Harrison
and Schwarzacher, 2013).

Fungi

Centromeres in the budding yeast Saccharomyces cerevisiae are completely specified by ~120-125 bp
DNA sequences (Clarke and Carbon, 1985) with tripartite structure of characteristic centromere
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Figure 2.1	| Overview	of	eukaryotic	centromere	structure. (a)	Chromosomes	(blue)	interact
with	spindle	microtubules	(vertical	lines)	via	the	kinetochore	(grey	triangles), which	forms	at
centromeres. There	are	three	ways	in	which	centromeres	are	organized	in	different	organisms:
point	centromeres, which	 interact	with	a	single	microtubule, regional/satellite	centromeres
with	multiple	attachments, and	holocentromeres	in	which	the	centromere	is	distributed	over
the	length	of	the	chromosome. (b)	Stereotypical	chromatin	organization	at	repetitive/satellite
centromeres	with	the	functional	centromere	composed	of	head-to-tail	satellite	repeats	(gold
arrows)	and	the	pericentric	heterochromatin	made	up	of	interspersed	repeats. In	addition	to
specialized	DNA,	centromeres	are	marked	by	the	presence	of	nucleosomes	containing	the
histone	H3	 variant	CENP-A (in	 gold)	 and	other	 proteins, e.g., the	 sequence-specific	DNA
binding	protein	CENP-B.
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DNA elements (CDEs). CDEI contains an 8-bp recognition site for the basic helix-loop-helix tran-
scription factor Cbf1; CDEII is ~90% AT-rich and wraps a specialized nucleosome; and CDEIII
contains a 26-bp motif that is bound by the CBF3 complex. Unlike budding yeast, the fission yeast
Schizosaccharomyces pombe has large, regional centromeres that are approximately 35-110 kb in size
and are characterized by a non-repetitive central core (~4-5 kb) flanked by a set of inner (~6 kb
on each arm) and outer (~5 kb on each arm) inverted repeats. Only the central core and the in-
ner repeats are required for centromere function, while the outer repeats constitute pericentric
heterochromatin. Inter-repeat homologous recombination resulting in the formation of a cova-
lently closed loop has been proposed to play a role in S. pombe centromere function (McFarlane
and Humphrey, 2010). Interestingly, fission yeast centromeres also contain tandemly arranged
clusters of tRNA genes (Kuhn et al., 1991).

Insects

Centromeric satellite sequences in many insects have not been definitively identified (Palomeque
and Lorite, 2008). In Drosophila, centromeric satDNAs are thought to be derived from species-
specific expansions of short micro- or mini-satellite sequences (Lohe et al., 1993). Although native
centromeric sequences remain poorly characterized due to the challenges of analyzing regions
dominated by short period repeats (Hoskins et al., 2002; Krassovsky and Henikoff, 2014), Mur-
phy and Karpen (1995), Sun et al. (1997), and Sun et al. (2003) characterized a 420 kb region re-
quired for minichromosome transmission and uncovered blocks of AT-rich pentameric minisatel-
lites with intervening transposon insertions consistent with the proposed architecture ofDrosophila
centromeres.

Nematodes

Caenorhabditis elegans has holocentric chromosomes with centromere formation occurring along
the length of the chromosome, suggesting that holocentromeres may be assembled agnostic of
DNA sequence (Steiner andHenikoff, 2015). This model was supported by analysis of centromeric
histone-associated sequences using chromatin immunoprecipitation andmicroarray hybridization
(Gassmann et al., 2012). More recently, a high resolution mapping study identified ~700 discrete
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centromeric loci distributed along each chromosome, with each site containing a single centromeric
nucleosome (Steiner and Henikoff, 2014). These sites were enriched for GA-rich motifs previously
identified as ‘high occupancy target’ regions on the basis of promiscuous transcription factor bind-
ing (Niu et al., 2011). Interestingly, these sites have a chromatin profile similar to budding yeast
point centromeres, suggesting that holocentromeres represent dispersed organization of point cen-
tromeres (Steiner and Henikoff, 2014).

Plants

The centromeres of Arabidopsis thaliana are composed of AT-rich ~180 bp restriction satellite units
organized into large (0.4 - 1.4 Mb) arrays (Richards et al., 1991; Copenhaver et al., 1998, 1999). Un-
like the centromeres of other eukaryotes, centromeres of Arabidopsis and other plants are enriched
for particular classes of retrotransposons, which are proposed to play a role in homogenization and
centromere evolution (Slotkin, 2010; Neumann et al., 2011; Birchler and Presting, 2012; Gao et al.,
2015). Centromeric regions in rice (Oryza sativa) have also been characterized and are relatively
unusual in that they are composed of both repetitive and non-repetitive sequences reminiscent of
de novo centromere formation in humans (see below) Nagaki et al. (2004); Yan et al. (2008). Sur-
prisingly, a repetitive rice centromere was shown to contain actively transcribed genes, possibly
representing a transition state in the centromerization of a genic region (Nagaki et al., 2004).

Mouse

Centromere-proximal satDNAs in mouse include major and minor satellite units, which form dis-
tinct domains (Guenatri et al., 2004; Komissarov et al., 2011). Major satellite units are 234 bp classi-
cal satellites, account for 6Mb of total sequence, andmap to pericentric heterochromatin (Hörz and
Altenburger, 1981). In contrast, the 120-bpminor satellite units associatewith centromeric proteins
and constitute a relatively small fraction of the genome (~120 kb of total sequence) (Joseph et al.,
1989; Broccoli et al., 1990; Kipling et al., 1991). Both major and minor satellites are AT-rich and
are ~80% homologous in certain regions, suggesting that up to two-thirds of the minor satellite
sequence was derived from major satellite (Wong and Rattner, 1988). Minor satellite is associated
with a 17-nt sequence recognized by the sequence-specific centromere binding protein CENP-B
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(reviewed below); however, major satellite does not appear to bind CENP-B (Kipling et al., 1995;
Ohzeki et al., 2002). Evolutionary analysis of these satellite sequences supports their recent ampli-
fication in the mouse genome (Cazaux et al., 2013).
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Figure 2.2	| An	abbreviated	phylogeny	of	relevant	primates. Chronogram	with	divergence
times	(in	millions	of	years)	estimated	from	mitochondrial	genomes; based	on Pozzi	et al. (2014)
and	the	10kTrees	Project.

Primates

Primates have regional centromeres composed of megabase-scale arrays of tandem repeats. Ex-
cepting species such as lemurs (Lee et al., 2011; Shepelev et al., 2009; Alexandrov et al., 2001), most
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primates have centromeres made up of ~170 bp α-satellite (AS) repeats (Musich et al., 1980; Maio
et al., 1981; Willard, 1991; Alves et al., 1994; Alexandrov et al., 2001). AS was first identified as a
classical/kinetic satellite in Cercopithecus aethiops, the African Green Monkey (AGM) (Maio, 1971).
Alphoid sequence was subsequently found in humans by restriction digestion and homology to
AGM AS and was further localized to primary constrictions by in situ hybridization (Manuelidis,
1978b; Manuelidis and Wu, 1978; Manuelidis, 1978a). Similarly, AS was shown to be present in
tandemly repeated arrays in a broad sampling of the primate lineage that included Old and New
WorldMonkeys byMaio et al. (1981) by homology to AGM and human alphoid DNAs. Combined
with cross-hybridization of AS, sequence analysis of AS repeat units from a diversity of primates
suggested that alphoid units arose in an ancestor of primates and underwent subsequent expan-
sion and mutation (Rosenberg et al., 1978; Thayer et al., 1981; Waye and Willard, 1989; Durfy and
Willard, 1990; Alkan et al., 2007).

AS sequence, repeat structure, and organization in primates is species- or clade-specific. Almost
a quarter of the AGM genome is composed of 172 bp AS units with very low (1-5%) inter- and
intra-chromosomal divergence (Musich et al., 1980; Thayer et al., 1981). In contrast, AS from other
OWMs such asmacaques and baboons accounts for 8-10%of genomic sequence and ismore diverse
at the monomer level. However, in these species, AS is organized into dimeric units, which are
<10% divergent (Singer and Donehower, 1979; Donehower et al., 1980; Musich et al., 1980; Pike
et al., 1986). Similarly, most NWMs have dimeric units composed of diverged AS monomers; in
someNWMgenera (Chiropotes and Pithecia) themajor repeat organization is reported to be trimeric
(Fanning et al., 1989, 1993; Alves et al., 1994, 1998).

In great apes, AS repeat structure and distribution are considerably more complex. Early stud-
ies identified a dimeric AS unit in humans released by EcoRI digestion (Manuelidis andWu, 1978)
and estimated to occur up to 22,000 times in the genome based on reassociation kinetics (Darling
et al., 1982), supporting the idea that AS organization might be similar in humans and OWMs.
However, it soon became clear that there was extensive divergence of up to ~40% between adja-
cent monomers and chromosome-specific distributions of ASmonomers (Yang et al., 1982;Willard
et al., 1983; Jabs et al., 1984a,b; Jørgensen et al., 1986; Willard et al., 1986; Alexandrov et al., 1988;
Jørgensen et al., 1988). In addition to AS units that are unique to the centromeres of particular
chromosomes, there are also AS arrays that are shared between non-homologous chromosomes
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(Baldini et al., 1989; Greig et al., 1993; Jørgensen et al., 1988), suggesting efficient homogenization
of repeats between chromosomes.
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Complex HOR

‘Monomeric’
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Figure 2.3	| Predominant	modes	of α-satellite	repeat	organization	in	hominoids. Alphoid
sequence	is	apes	(genera Homo, Pan, Pongo, and	gibbons)	is	organized	in	two	major	types	of
arrays: Monomeric	arrays	are	composed	of	highly	divergent	AS units	and	are	typically	located
proximal	to	chromosome	arms	at	the	periphery	of	the	centromere. In	contrast, higher-order
repeats	(HORs)	are	found	closer	to	the	centromeric	core	and	are	composed	of	repeats	of	AS
multimers, which	tend	to	be >95%	identical.

Chromosome-specific monomeric units were used to define restriction fragment length poly-
morphisms termed higher-order repeats (HORs). In contrast to monomeric AS units, HORs are
multimers of 2-30 AS units in which the constituent monomers are easily distinguished (~70% se-
quence identity), but adjacent HORs are nearly identical (Willard, 1991). Similar patterns of AS
organization were observed in other great apes (Jørgensen et al., 1987; Waye and Willard, 1989;
Baldini et al., 1991; Haaf and Willard, 1997, 1998). HORs were thought to be specific to homi-
noids (Rudd et al., 2006; Alkan et al., 2007; Cellamare et al., 2009; Terada et al., 2013) and absent
from the genomes of OWMs andNWMs; however, recent studies have identified HORs at the cen-
tromeres of NWMs (Prakhongcheep et al., 2013; Baicharoen et al., 2014; Sujiwattanarat et al., 2015;
Suntronpong et al., 2016; Kugou et al., 2016). Interestingly, there do not appear to be reports of
HORs in OWMs . In addition to homogenous HORs, which are thought to make up centromeric
cores, AS is also present in so-called ‘monomeric’ arrays, which are diverged AS sequences that
are present at the centromeric periphery of all chromosomes (Baldini et al., 1993) and are thought
to correspond to ancestral centromeric sequences (Alexandrov et al., 2001; Shepelev et al., 2009).
These monomeric arrays are targets of transposon insertion, which is a rare event in homogenous
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centromeric cores (Laurent et al., 1999; Schueler et al., 2001, 2005).
Unlike mouse and bovine satDNAs, initial characterization of AS did not reveal any unusual

features internal to monomeric units (Alexandrov et al., 2001) with the exception of a concentra-
tion of mutations in a restricted region of some AS units (Romanova et al., 1996) corresponding
the recognition sequences for the sequence-specific DNA-binding proteins pJα (Gaff et al., 1994)
and CENP-B (discussed in more detail below). Binding sites for CENP-B have generally not been
detected in OWMs or NWMs, but are present at the centromeres of a host of other mammals (Haaf
and Ward, 1995).

That alphoid “sequences appear as old as the primate Order itself” (Maio et al., 1981) coupled
with the disruption of endogenous centromere function upon integration of human AS into AGM
chromosomes suggested early on that AS “DNA provides the primary sequence information for
centromere protein binding and for at least some functional aspect(s) of amammalian centromere”
(Haaf et al., 1992). Although this strong genetic view of centromere identity in primates and other
species has gone out vogue (see below), the contribution of DNA sequence to centromere function
is indisputable.

2.3 Evolution	of	centromeric	DNA

What is the origin and mechanism of maintenance of arrays of satellite repeats? How are higher-
order periodicities generated? Like other satDNAs, centromeric satellites carry the signature of
concerted evolution− high intraspecific and low interspecific sequence identity (Brown et al., 1972;
Coen et al., 1982; Dover, 1982). AS present in the common ancestor of primates presumably un-
derwent unique, species-specific evolutionary trajectories to generate the extensive variation in
sequence and organization of monomers and arrays observed today (Durfy and Willard, 1990;
Warburton et al., 1993, 1996; Waye and Willard, 1986b; Alexandrov et al., 2001). Mechanisms of
molecular drive, which include gene conversion, unequal crossing-over, and transposition (Coen
et al., 1982; Strachan et al., 1982; Dover, 1982; Coen and Dover, 1983; Strachan et al., 1985), are
therefore thought to direct the evolution of centromeric satDNAs.

The first model that sought to explain the origins of satDNA was advanced by Britten and
Kohne (1968). In this “saltatory replication” model, a DNA sequence is copied many times prior
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to chromosomal integration and fixation by natural selection through a succession of relatively
low-probability events. Short repeats could be amplified via polymerase slippage during repli-
cation, while longer repeats may undergo rolling circle amplification (Beridze, 1986). A second
model, which is more widely accepted in the context of centromere evolution (Willard, 1991) but
is not mutually exclusive with saltatory amplification, invokes unequal crossover (Smith, 1976).
In this model (Figure 2.4), a variant arises in an array of tandemly repeated satDNAs through
randommutation, encouraging out-of-register pairing and unequal crossover to yield tandem du-
plication and deletion products. Expansions and contractions of the variant repeat array arise as
the duplicated and deleted products undergo subsequent rounds of unequal exchange and arrays
with desired characteristics are selected and maintained. This model explains the divergence of
AS arrays on different chromosomes, the homogenization of arrays in cis, and the observation of
suprachromosomal families of AS, which are evolutionarily related arrays on different chromo-
somes that have similar higher-order organization (Alexandrov et al., 1988, 2001). Specifically,
suprachromosomal families with chromosome-specific distributions are thought to arise through
periodic unequal crossover between homologous chromosomes and homogenization through in-
trachromosomal exchange (Alexandrov et al., 1988; Durfy and Willard, 1989; Alexandrov et al.,
1991; Schueler et al., 2001; Schindelhauer and Schwarz, 2002; Schueler et al., 2005).

Given the pattern of AS distribution, unequal exchange likely occurs both inter- and intra-
chromosomally. Centromeres of homologous chromosomes are notoriously resistant to crossover
recombination during meiosis likely to prevent aneuploidy (Choo, 1998; Talbert and Henikoff,
2010b; Nambiar and Smith, 2016). A number of mechanisms for inhibition have been proposed
including a role for the compacted state of pericentric heterochromatin (Choo, 1998; Nambiar and
Smith, 2016). Recently, Vincenten et al. (2015) described a non-canonical role for kinetochore com-
ponents in preventing initiation of meiotic recombination by inhibiting both break and crossover
formation. However, there are some examples of meiotic events in centromere evolution. Meiotic
exchanges have been observed in maize, where gene conversion events (in which segments of ho-
mologous chromosomes are copied) in centromeric cores are widespread (Shi et al., 2010; Talbert
and Henikoff, 2010b). Schindelhauer and Schwarz (2002) have suggested that highly homogenous
humanDXZ1AS array variants lacking de novomutations implicate a gene conversionmechanism.
However, this latter observation is not necessarily incompatible with unequal crossover (Schindel-
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1 Mutation

2 Exchange

Expanded trimeric HOR

Figure 2.4	| Repeat	evolution	by	unequal	crossover. A model	for	evolution	of	periodicities	in
repeated	sequences	based	on Smith (1976). A repeat	array	acquires	a	random	mutation	and
undergoes	out-of-register	pairing	and	recombination. The	products	of	this	exchange	contain
expansion	or	deletion	of	monomeric	units	relative	to	the	original	array. Subsequent	rounds	of
random	mutation	and	unequal	exchange	can	spontaneously	give	rise	to	periodicities.

hauer and Schwarz, 2002; Roizès, 2006).
Recombination likely occurs between centromeric arrays of sister chromatids during mitosis.

For example, Wang et al. (2008) describe the microscopic characterization of alphoid bridges be-
tween sister chromatids that are resolved late in the cell cycle and Jaco et al. (2008) uncoveredDNA
methylation-regulatedmitotic recombination at centromeres in excess of crossover in chromosome
arms. Recently, Giunta and Funabiki (2017) observed centromeric exchanges between sister chro-
matids at a frequency of 5% in cultured human cells and suggested a role for centromeric proteins
including CENP-A in maintaining the AS array integrity. Further, consistent with mitotic recom-
bination, population-scale sequence analyses have identified polymorphic signatures suggestive
of repeat evolution along haplotypic lineages (Marçais et al., 1991; Warburton and Willard, 1995;
Roizès, 2006).

It is important to note that unequal crossover may not be the only mechanism operating on
centromeric satDNAs. Computational analyses of the evolutionary relationships of AS monomers
have raised the possibility of an unknown mechanism of transposition at play in AS evolution
(Alkan et al., 2002, 2004). Using PCR primers spanning L1/Alu-AS junctions, Prades et al. (1996)
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detected a surprisingly high number of L1/Alu polymorphisms at human centromeres possibly re-
lated to an elevated rearrangement rate associated with the presence of these interspersed repeats.
L1 elements, which are known to be associated with monomeric AS (Laurent et al., 1999; Kazakov
et al., 2003), have also been proposed to actively participate in centromere evolution by impairing
centromere function through insertion and/or limitation of expansion of selfish centromeric DNA
(Csink and Henikoff, 1998; Laurent et al., 1999). Interestingly, L1 polymorphisms in AS tend to oc-
cur in blocks such that a cluster of L1s is present or absent, possibly due to the insertion or excision
of extrachromsomal circles containing L1s and alphoid sequence (Laurent et al., 1999). Consistent
with this hypothesis, extrachromosomal circles containing alphoid sequences have been detected
in human cells (Cohen et al., 2010).

Based on the preponderance of evidence for repeat evolution through mechanisms of molecu-
lar drive, one might expect HORs to be a general feature of centromeric DNA. However, as noted
above, in primates, HORs are present in restricted clades (see above) possibly due to more effi-
cient homogenization of AS in other primates through unknown mechanisms (Alexandrov et al.,
2001). Outside of the primate lineage, HORs have been described in a number of species (Melters
et al., 2013). Notably, HORs have not been described in mouse minor satellite (excepting the Y-
chromosome), but are present in major satellite (Pertile et al., 2009; Komissarov et al., 2011). Varia-
tion in humanHORs and the distribution of HORs in primates is examined in the context of repeat
evolution in Chapters 3 and 4, respectively.

2.3.1 Centromeric	proteins

The characterization of centromeric proteins lagged behind the study of satDNAs until the discov-
ery in 1980 of anti-centromere antibodies in the sera of patients with the rheumatologic constel-
lation of calcinosis, Reynaud’s phenomenon, esophageal dysmotility, sclerodactyly, and telang-
iectasia known as CREST syndrome (Moroi et al., 1980; Earnshaw, 2015). Although more than a
hundred different proteins spanning virtually every known structural and functional class make
up the kinetochore and underlying centromere (Earnshaw, 2015), I focus below on three cen-
tromeric proteins that are particularly relevant to the work described in later chapters: CENP-A,
the centromere-specific histone H3 variant, CENP-B, a sequence-specific DNA-binding protein,
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and HJURP, the CENP-A chaperone.

CENP-A

CENP-A was first described as a small non-histone chromosomal protein recognized by autoim-
mune sera from a panel of scleroderma patients (Guldner et al., 1984) and was purified along with
two other proteins designated CENP-B and CENP-C (Earnshaw and Rothfield, 1985). Despite its
initial characterization as a non-histone protein, CENP-A was subsequently shown to co-purify
with histones and nucleosome core particles (Palmer and Margolis, 1985; Palmer et al., 1987) and
was, based on partial sequence analysis of protein purified from spermatozoa, declared a histone
H3-like protein. Centromere-specific histones were then identified by homology in a number of
species: Stoler et al. (1995) identified Cse4 in S. cerevisiae, Takahashi et al. (2000) reported the dis-
covery of the S. pombe CENP-A homologue, Buchwitz et al. (1999) characterized a histone H3-like
protein in C. elegans, (Henikoff et al., 2000) and Blower and Karpen (2001) described Cid in D.
melanogaster, and Talbert et al. (2002) identified an adaptively evolving histone H3 variant in A.
thaliana.

CENP-A, like the core histones, contains a characteristic histone fold domain (HFD; three α-
helices separated by two loops designated α1−3 and L1,2, respectively) at the C-terminus and an
N-terminal tail region that is subject to post-translational modification (Malik and Henikoff, 2003;
Talbert and Henikoff, 2010a). The CENP-A HFD is 50-60% similar to the corresponding domain
in H3; however, the N-terminal tails of centromeric H3 variants tend to be highly divergent and,
in some lineages including primates, show signatures of positive selection (Malik and Henikoff,
2001, 2003; Talbert et al., 2004; Malik and Henikoff, 2009; Talbert and Henikoff, 2010a; Schueler
et al., 2010). The CENP-A targeting domain (CATD), which is comprised of L1 and α2 of the HFD,
is sufficient for kinetochore formation, mitotic checkpoint signaling, and normal chromosome seg-
regation (Black et al., 2007; Okamoto et al., 2007).

CENP-A nearly universally marks centromeres and is essential for viability and centromere
function. Cse4mutants in S. cerevisiaedisplaymarked chromosome segregation defects andmitotic
arrest at elevated temperatures (Stoler et al., 1995). Similarly, Blower and Karpen (2001) demon-
strated defects in kinetochore formation and function in embryos and cultured cells depleted of



20

functional Cid. In mice, the Cenpa gene is essential with disruption of the gene leading to lethal-
ity by 6.5 days post-conception (Howman et al., 2000). Interestingly, although CENP-As can be
quite divergent, Cse4 from S. cerevisiae can functionally complement human CENP-A depleted us-
ing RNA interference (Wieland et al., 2004), suggesting that the general features of centromeric
chromatin may be deeply conserved. There are a number of exceptions to the essentiality of cen-
tromeric histone variants including their dispensability in C. elegans meiosis (Monen et al., 2005)
and recurrent loss of these variants associated with transitions to holocentricity in insects (Drin-
nenberg et al., 2014).

In S. cerevisiae the structure of the centromeric nucleosome has been definitively established
using a number of orthogonal approaches. Centromeric nucleosomes were thought to have oc-
tameric composition (containing two copies each of CENP-A and histones H4, H2A, and H2B)
similar to canonical nucleosomes until the description of an unusual tetrameric ‘hemisome’ con-
taining Cid and one copy each of H4, H2A, and H2B in D. melanogaster cells (Dalal et al., 2007b).
Furuyama andHenikoff (2009) defined positive supercoiling at the budding yeast centromere con-
sistent with right-handed wrapping of DNA of the centromeric nucleosome (in contrast to the
left-handed wrapping by canonical nucleosomes). Importantly, this topological state is incom-
patible with octameric composition of the S. cerevisiae centromeric nucleosome and suggested a
DNA topology-based model for centromere specification (Furuyama and Henikoff, 2009). The ap-
plication of base-pair resolution genome-wide nuclease mapping approaches revealed a highly
ordered centromere structure with the CDEII region of the yeast centromere occupied by a sin-
gle ~80 bp particle suggestive of a hemisome (Henikoff et al., 2011; Krassovsky et al., 2012; Skene
and Henikoff, 2017), with further support for unique structure of Cse4 nucleosomes provided by
atomic force microscopy (Codomo et al., 2014) and in vitro reconstitution of hemisomes on cen-
tromeric DNA (Furuyama et al., 2013). A chemical cleavage mapping technique, which allows
precise genomic mapping of histone H4 positions (Brogaard et al., 2012), definitively established
the structure of the budding yeast centromeric nucleosome as a hemisome (Henikoff et al., 2014).
In contrast to budding yeast Cse4 nucleosomes, the centromeric nucleosomes in fission yeast were
found to be octameric using chemical cleavage mapping (Thakur et al., 2015).

The structure of nucleosomes containing the ~20,000 CENP-A molecules (Bodor et al., 2014)
distributed over the centromeres of human chromosomes is highly controversial. Human cen-
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tromeres are positively supercoiled (Aze et al., 2016) and CENP-A nucleosomes may have the
unusual hemisome configuration observed in budding yeast (Dimitriadis et al., 2010; Dalal et al.,
2007a; Quénet andDalal, 2012; Bui et al., 2012; Henikoff et al., 2015); however, there is also evidence
that human CENP-A nucleosomes are octamers (Padeganeh et al., 2013; Hasson et al., 2013; Miell
et al., 2013; Nechemia-Arbely et al., 2017). Consistent with classical restriction studies of AS in
primates (see above), we recently proposed that the functional genetic unit of human centromeres
is an AS dimer that precisely positions two ~100 bp CENP-A particles separated by interposed
CENP-B/C (Henikoff et al., 2015) and further showed the presence of CENP-T at these alphoid
dimers (Thakur and Henikoff, 2016).

The assembly of CENP-A nucleosomes is discussed in the context of the chaperone HJURP and
centromere specification below.

CENP-B

CENP-B is the only characterized centromeric sequence-specific DNA-binding protein in meta-
zoans. It has been independently exapted from pogo-like transposases in fission yeast, insects, and
mammals (Sullivan and Glass, 1991; Tudor et al., 1992; Kipling and Warburton, 1997; Mateo and
González, 2014; Drinnenberg et al., 2016). The S. pombe CENP-B homologues Abp1, Cbh1, and
Cbh2 appear to play functionally redundant roles in chromosome segregation (Baum and Clarke,
2000) and have been localized to centromeres and pericentric heterochromatin (Lee et al., 1997;
Nakagawa et al., 2002). Their involvement in nucleating heterochromatin formation in the outer
centromeric repeat regions and in transposon surveillance and silencing are established (Baum
and Clarke, 2000; Nakagawa et al., 2002; Cam et al., 2008; Johansen and Cam, 2015). In mammals,
the CENP-B protein is highly conserved, displaying 96% amino acid identity between human and
mouse (Sullivan and Glass, 1991) and a similar degree of sequence similarity between primates
(Schueler et al., 2010).

CENP-B recognizes a 17-nt sequence known as the CENP-B box (Muro et al., 1992) through
two N-terminal helix-turn-helix (HTH) DNA-binding domains (Yoda et al., 1992; Kitagawa et al.,
1995; Tanaka et al., 2001). Although there are slight species-specific differences in binding site
preferences, based on electrophoretic mobility shift assays, the consensus CENP-B box sequence
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contains nine positions that are required to support DNA binding: NTTCGNNNNANNCGGGN (Masumoto
et al., 1989; Jolma et al., 2013). The protein-DNA co-crystal structure of the CENP-B DNA-binding
domain revealed that the HTH domains interact with adjacent major grooves and strongly kink
DNA flanking the CENP-B box, creating a 59◦ overall bend angle (Tanaka et al., 2001).

TheC-terminus ofCENP-B contains a hydrophobic dimerizationdomain andCENP-B is thought
to exist in vivo as a homodimer (Kitagawa et al., 1995). CENP-B also contains aDDE-like endonucle-
ase domain typical of many transposases (Kipling and Warburton, 1997; Nesmelova and Hackett,
2010). Indeed, the detection of recombination breakpoints within humanAS at a stereotyped 10-20
nt distance fromCENP-B boxes led to the intriguing suggestion that CENP-Bmay encourage HOR
formation by stabilizing out-of-register pairing through its dimerization domain and creating re-
combinogenic DNA breaks (Warburton et al., 1993; Kipling and Warburton, 1997). However, the
CENP-B endonuclease domain contains mutations that are incompatible with metal coordination,
which is required for cleavage and strand transfer reactions (Kipling and Warburton, 1997).

Although CENP-B is present in mammals, its centromeric functions are unclear and, partic-
ularly in some non-human primates, the localization of CENP-B at centromeres is disputed. In
the great apes (genera Homo, Pan, Gorilla, and Pongo), CENP-B boxes were detected by in situ hy-
bridization at centromeres (Haaf et al., 1995). Centromeric localization of CENP-B in gibbons, Old
World Monkeys, New World Monkeys, and prosimians is murky. For example, two different
studies detected CENP-B protein in African Green Monkey cells and demonstrated DNA-binding
activity comparable to humanCENP-B (Yoda et al., 1996; Goldberg et al., 1996). Whereas Goldberg
et al. (1996) did not find CENP-B binding at centromeres, Yoda et al. (1996) localized the protein
to primary constrictions of chromosomes. CENP-B binding sites were thought to be restricted to
the apes and Old World Monkeys (Haaf et al., 1995), but recent studies have identified CENP-B
boxes inNewWorldMonkeys such as the commonmarmoset, squirrel monkey, and tamarin (Sun-
tronpong et al., 2016; Kugou et al., 2016). Prosimians, such as lemurs, are thought to lack CENP-B
boxes (Haaf et al., 1995); however, Lee et al. (2011) found diverged and presumably non-functional
CENP-B boxes in the Aye-Aye (Daubentonia madagascariensis).

Unlike CENP-A, CENP-B is not essential (Hudson et al., 1998; Kapoor et al., 1998; Howman
et al., 2000). Yet CENP-B appears to be required for centromere formation in certain contexts. In
humans and other great apes, for example, CENP-B is detectable at the centromeres of all chro-
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mosomes with the exception of the Y-chromosome (Earnshaw et al., 1987, 1989; Haaf et al., 1995),
suggesting that centromeres can form and function without CENP-B. Puzzlingly, CENP-B boxes
are required for de novo centromere formation on artificial chromosomes (Harrington et al., 1997;
Ikeno et al., 1998; Masumoto et al., 1998; Ohzeki et al., 2002; Okada et al., 2007; Okamoto et al.,
2007). Moreover, CENP-B is not just associated with functional centromeres as it is also found at
the inactive centromere in dicentric chromosomes (Sullivan and Schwartz, 1995). Recently, CENP-
B was shown to directly associate with CENP-C and the N-terminal tail of CENP-A (Fachinetti
et al., 2015) and, relatedly, Hoffmann et al. (2016) showed that CENP-B is required for preserving
CENP-C and kinetochore binding to centromeres upon CENP-A depletion. Therefore, CENP-B
functions to enhance the fidelity of chromosome segregation (Fachinetti et al., 2015).

Taken together with the degree of conservation of the molecular architecture of the inner kine-
tochore (Goldberg et al., 1996; Drinnenberg et al., 2016), these observations raise an interesting
paradox: the CENP-B protein is highly conserved among mammals and CENP-B appears to con-
tribute to chromosome segregation, yet the presence of centromeric CENP-B boxes both across and
within a species is highly variable. The genomic distribution of CENP-B boxes and the function of
CENP-B in primates is explored in Chapter 4.

HJURP

Chromatin assembly occurs through the action of histone chaperones in replication-dependent
and -independent pathways, which deposit canonical and variant histones, respectively (Henikoff
and Ahmad, 2005; Hammond et al., 2017). The deposition of canonical H3-containing nucleo-
somes occurs coincident with DNA-replication through the CAF1 complex (Smith and Stillman,
1989), while nucleosomes containing the replication-independent variant H3.3 are incorporated
into chromatin through the action of HIRA and some CAF1 complex members including Asf1
(Ahmad and Henikoff, 2002; Tagami et al., 2004; Hammond et al., 2017). In contrast to chroma-
tinization elsewhere in the genome, CENP-A deposition occurs during early G1 upon mitotic exit
inmammals (Jansen et al., 2007) and during anaphase inDrosophila (Schuh et al., 2007) through spe-
cializedmechanisms that remain to be fully defined (Müller and Almouzni, 2014). In humans, am-
phibians, and fungi, HJURP/Scm3 family members carry out CENP-A assembly (Kato et al., 2007;
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Foltz et al., 2009; Bernad et al., 2011; Shivaraju et al., 2011); however, HJURP/Scm3 homologues
are not present in nematodes, insects, or fish (Sanchez-Pulido et al., 2009). Chen et al. (2014) re-
cently identified CAL1, which is not predicted to have common ancestrywithHJURP/Scm3, as the
CENP-A chaperone in Drosophila. HJURP was first characterized as a Holliday junction-binding
protein in a study of genomic instability in cancer cells (Kato et al., 2007) and subsequently shown
to recruit CENP-A to centromeres via the CATD (Foltz et al., 2009). HJURP and Scm3 are struc-
turally similar (Samoshkin et al., 2009; Zhou et al., 2011) and thought to have common ancestry
(Sanchez-Pulido et al., 2009). What, if any, role the DNA-binding activity of HJURP has on its
chaperone function is unknown.

2.4 Specification	of	centromere	identity

Although the conservation of the genomic architecture of repetitive centromeres suggests an im-
portant role for DNA sequence and chromatin in centromere specification and function (Koch,
2000; Lamb and Birchler, 2003), it is challenging to interrogate these genomic regions, particularly
using genomic approaches (Treangen and Salzberg, 2011; Aldrup-Macdonald and Sullivan, 2014;
Miga, 2015; De Bustos et al., 2016). Combined with the intractability of large repeat arrays, the ob-
servation of extensive sequence variation at centromeres and the de novo formation of centromeres
on non-repetitive sequences has led to an “epigenetic,” i.e., largely sequence-independent, model
for the determination and propagation of centromere identity centered on centromeric proteins.
The mechanisms of centromere specification are poorly understood in most organisms (McKinley
and Cheeseman, 2016). Indeed, while CENP-A is commonly regarded the ‘epigenetic’ mark that
specifies centromere identity, exactly how CENP-A is deposited at centromeres by its chaperone is
unknown (Müller and Almouzni, 2014).

2.5 Centromere	drive

Despite the essential and deeply conserved function of centromeres, their constituent proteins and
DNA are rapidly evolving (Henikoff et al., 2001; Malik and Henikoff, 2009; Drinnenberg et al.,
2016). This apparent ‘centromere paradox’ is resolved by considering the rapid evolution in light
of genetic conflict that plays out during meiosis (Henikoff et al., 2001). In this centromere drive
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model, competition between homologous chromosomes arises during female meiosis, which is in-
trinsically asymmetrical in many species because only one of four meiotic products develops into
an oocyte. Centromeric DNA behaves selfishly to increase its odds of transmission into the oocyte
through expansion of underlying repeat arrays and enhanced recruitment of kinetochore and mi-
crotubule components (i.e., increased centromere ‘strength’), resulting in preferential engagement
of the egg’s spindle apparatus. This skewing of chromosome segregation can be problematic, for
example, due to the potential for spreading hitchhiking deleterious mutations (Malik and Bayes,
2006). Parity in chromosome segregation is restored by rapid evolution of centromeric proteins,
which act to equalize centromere strength (Henikoff et al., 2001). Centromere drive may provide
a molecular explanation for reproductive isolation underlying speciation (Henikoff et al., 2001;
Henikoff and Malik, 2002). Consistent with this model, monkeyflower chromosomes harboring
a putative centromeric duplication are preferentially transmitted (Fishman and Saunders, 2008).
Relatedly, Robertsonian chromosomal fusions, which result in centromere expansion, are prefer-
entially transmitted in humans and, in some cases, inmice (Pardo-Manuel deVillena and Sapienza,
2001; Underkoffler et al., 2005; Chmátal et al., 2014). However, the protein players andmechanisms
involved in centromere drive remain to be clearly defined (Rosin and Mellone, 2017).



26

Chapter 3

GENETIC VARIATION IN HUMAN CENTROMERES

Human centromeres are composed of rapidly evolving megabase-scale arrays of α-satellite re-
peats and are thought to be highly dynamic genomic loci; however, polymorphism in centromeres
remains largely uncharacterized due to the intractability of satellite repeats. Here, I describe a
general, assembly-independent framework that uses single molecule sequencing for systematic
characterization of structural variation in genomic loci embedded within tandem repeats. Apply-
ing this approach to human centromeres, I identified dominant dimeric and pentameric repeat
motifs that are underrepresented in current human centromere models. I then characterized the
spectrum of structural variation in human centromeres and uncovered extensive polymorphism
in array length and composition in human individuals associated with the presence of the bind-
ing site for CENP-B, a sequence-specific DNA binding protein. Lastly, I describe a landscape of
centromeric variation marked by aberrations in repeat structure and functional alphoid dimers in
a breast cancer cell line. This approach should enable characterization of tandem repeat variation
and contribute new insights into the population genetics and evolution of repetitive regions such
as centromeres.

3.1 Introduction

Repetitive genetic loci composed of satellite DNAs account for a substantial fraction of complex
genomes (Britten and Kohne, 1968); however, these regions are represented as gaps in genome
assemblies and are typically excluded from genomic analyses due to their biological and compu-
tational intractability (Roach et al., 1999; Lander et al., 2001; Venter et al., 2001; Eichler et al., 2004).
Considered a source of ‘missing heritability’ (Collins, 2010), polymorphism is repetitive loci has
been associated with a number of diseases, particularly cancer (Zhu et al., 2011; Zhang et al., 2015;
Tsurumi and Li, 2012; Ting et al., 2011; Atkin and Brito-Babapulle, 1981). Human centromeres,
which serve the essential function of linking chromosomes to spindle microtubules during cell di-
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vision, are embedded in tandemly repeated ~171-bp α-satellite (AS) units found inmegabase-scale
arrays on each chromosome. Centromeres account for ~2% of the genome, but constitute nearly
25% of unassembled sequence in the most recent human genome assembly (Eichler et al., 2004;
Miga, 2015).

Centromeric AS arrays, which interact with nucleosomes containing the centromere-specific hi-
stone H3 variant CENP-A, have complex organization and are thought to harbor extensive, func-
tionally important genetic variation. Alphoid DNA occurs in two major configurations: chromo-
some arm-proximal ‘monomeric’ arrays, which represent diverged relics of ancestral centromeres,
and homogenous AS multimers called higher-order repeats (HORs) at centromeric cores, which
nucleate kinetochore formation and are marked by nucleosomes containing the centromeric his-
tone H3 variant CENP-A (Willard, 1991; Schueler et al., 2001; Rudd and Willard, 2004; Henikoff
et al., 2015). HORs can be either chromosome-specific or shared between characteristic chromo-
somes and are thought to be the products of intra- and inter-chromosomal recombination occur-
ring during rapid, concerted evolution of centromeres (Durfy andWillard, 1989; Greig et al., 1993;
Schindelhauer and Schwarz, 2002; Roizès, 2006). Consistent with this mode of evolution, analy-
ses of restriction and amplification polymorphism have revealed single-nucleotide, copy number,
and structural variation in HORs (Wevrick andWillard, 1989; Marçais et al., 1991; Warburton and
Willard, 1995) that may impact fidelity of chromosome segregation. For example, Maloney et al.
(2012) identified metastable epialleles at variants of a chromosome 17-specific HOR and Aldrup-
MacDonald et al. (2016) demonstrated that the differenttial propensities of variants of this HOR
for interacting with CENP-A nucleosomes may underlie observed differences in mitotic stability
of chromosome 17.

Comprehensive characterization of centromeric variation using next-generation sequencing re-
mains challenging in part due to the absence of centromeres in genome assemblies and issues
attendant to alignment in repetitive regions (Miga et al., 2014; Miga, 2015; Treangen and Salzberg,
2011). In contrast to short-read sequencing, single-molecule (SM) sequencing with the Pacific
Biosciences or Oxford Nanopore platforms routinely produces reads exceeding 10 kb in length
(Goodwin et al., 2016), providing an opportunity for assembly-independent characterization of
long-range sequence organization in repetitive loci (Khost et al., 2017). Here, I describe the devel-
opment of a general method for analyzing structural variation in repetitive genomic regions using
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single molecule sequencing. Application of this approach enabled the comprehensive cataloguing
of HORs and identified the predominance of functional AS dimers, which form a unique chro-
matin complex, and pentameric motifs at human centromeres. Comparison of individuals from
different populations revealed extensive variation in repeat structure associated with the binding
sites for CENP-B, the only known sequence-specific DNA binding protein at human centromeres.
Finally, analysis of whole-genome SM sequencing of a breast cancer cell line uncovered profound
aberration in the organization of centromeres characterized by reduction in functional AS dimers
and enrichment of inversions. These results confirm that repetitive loci such as centromeres are
rich sources of genetic variation, establish a method for the characterization of this variation, and
suggest a model for HOR evolution in human centromeres dependent on the presence of CENP-B
binding sites.

3.2 Results

3.2.1 Diversity	of α-satellite	repeat	structures	at	human	centromeres

I first sought to visualize AS-containing SM reads in order to appreciate the type and level of diver-
sity in repeat organization observed in the raw data. I used a strategy similar to dotplotting, which
is commonly used to visualize the structure of complex genetic loci, that relied on the identification
of alphoid monomers on a single read followed by pairwise comparison of these monomeric units
using sequence alignment (Figure 3.1). Applied to PacBio SM sequencing data from the CHM1
hydatidiformmole cell line (Chaisson et al., 2015), this approach revealed tremendous diversity in
alphoid array organization (Figures ??). Based on a random sample of AS-containing SM reads,
dimeric repeats appeared to be quite common (Figure 3.2) consistent with the historical recogni-
tion of the abundance of these units (Manuelidis, 1978a,b; Manuelidis and Wu, 1978). In addition,
some reads contained fragments of HORs with complex multimeric organization that included
seemingly homogenous arrays and reads bearing a multitude of different array types (Figure 3.2).
Reads with multiple array types were particularly interesting as the regions of transition from one
array type to another (Figure 3.2) may represent recombination breakpoints. Finally, a minority
of the reads contained ‘monomeric’ organization, i.e., did not have have a regular periodic struc-
ture, and harbored inversions. Some reads even showed evidence of gradients of divergence and
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disruption in repeat organization with opposite ends of reads containing HOR and monomeric
structure (Figure 3.2). This initial analysis confirmed that raw SM sequencing reads can be used
to analyze interesting human centromeric repeat structures.
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Figure 3.1	| Visualization	of	repeat	organization	in	alphoid	arrays. (a) A method	for	visualiz-
ing	similarity	of	alphoid	units	akin	to	self-alignment	dotplots. Alphoid	monomers	are	identified
on	single-molecule	sequencing	reads	using	profile	Hidden	Markov	Model	homology	searching
and	alphoid	units	identified	on	a	read	are	subject	to	all-by-all	pairwise	alignment	to	generate
a	similarity	matrix	that	supports	inference	of	repeat	structure	based	on	the	specific	pattern	of
similarity	scores	along	diagonals. Matrices	are	symmetric	about	the	diagonal	and	each	matrix
represents	a	single	sequenced	molecule. (b) An	example	of	an	11-mer	HOR-bearing	read
scored	using	the	Hamming	distance.

3.2.2 A method	for	characterization	of	higher	order	repeats	using	single-molecule	sequencing

Although this approach based on comparisons of predefinedASmonomers is suitable for visualiz-
ing repeat organization contained in SM reads, it is intrinsically biased by requiring a priori identi-
fication of alphoid monomers, represents only part of the information contained in reads by focus-
ing solely on the alphoid content of reads, and scales poorly because of the reliance on exhaustive
pairwise alignment. Further, the relatively high error rate of raw single molecule reads (Carneiro
et al., 2012; Roberts et al., 2013) and the inherent challenge of alignment-based error correction in
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Figure 3.2	 | Diversity	 in	 alphoid	 repeat	 structure	 at	 human	 centromeres. Examples	 of
monomer	similarity	matrices	from	single-molecule	sequencing	reads	containing	predominant
dimeric	structure (a), HORs	with	period >2	alphoid	units (b), and	‘monomeric’	arrays	con-
taining	highly	diverged	alphoid	units (c). Only	one	half	of	the	matrix	is	plotted	in	each	case
due	to	symmetry	about	the	diagonal. Note	that	the	read	represented	on	the	right	in (c) contains
an	inversion, which	manifests	as	a	‘two-peak’	appearance	because	alignments	performed	to
generate	matrices	are	directional	(i.e., the	reverse	complement	alignment	is	not	performed	for
any	pair	of	repeat	units).
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repetitive regions necessitated the development of a sequencing noise-resilient approach for char-
acterizing periodicities. I therefore sought to develop a more general approach for analyzing the
repeat content of SM sequencing reads. This new approach, called ASTRL (Analysis of Satellites
and Tandem Repeats in Long reads), is based on enumerating positions of repeating exact k-mers
and subsequent analysis of the distributions of k-mer offsets coupled with pairwise alignment-
based validation of candidate repeats. Importantly, ASTRL enables characterization of both regu-
lar and irregular alphoid and non-alphoid tandem arrays in raw data from the Pacific Biosciences
and Oxford Nanopore platforms (Figure 3.3). We validated ASTRL by simulating single-molecule
reads from alphoid arrays of known periodicity and confirmed the robustness of the method for a
variety of error profiles (Figure 3.3). ASTRL outperformed frequency-domain methods (Suvorova
et al., 2014) and a recently described graph-based approach for analyzing tandem repeats in single
molecule reads (Sevim et al., 2016), particularly in annotating irregular arrays. Compared with
these other approaches, ASTRL does not strictly rely on a priori identification of monomeric repeat
units, makes no assumptions about the number of periodic segments in a read, and is resilient to
indel error. I conclude that ASTRL is a general method for assembly-independent characterization
of tandem repeats in raw single-molecule sequencing data.

3.2.3 Functional	alphoid	dimers	dominate	human	centromeres

HORs have traditionally been defined using restriction digestion coupled with Southern blotting
(Southern, 1975b; Willard et al., 1986); however, this method is labor-intensive and does not allow
comprehensive cataloguing of HORs at centromeres. Using ASTRL, I carried out ab initio char-
acterization of the spectrum of periodicities in SM reads containing alphoid sequence from the
CHM1 and CHM13 hydatidiform mole cell lines (Chaisson et al., 2015; Huddleston et al., 2017),
which harbor a single haplotype. To facilitate comparisons between datasets, I iteratively sam-
pled read lengths (amounting to 10X coverage of the genome) from a log-normal approximation
of the typical Pacific Biosciences read length distribution (Figure 3.4). Approximately two-thirds
of reads contained HORs, with the remaining third of reads containing no detectable periodicity
(Figure 3.4). I next quantified the relative amounts of sequence containedwithin HORs of different
periodicities (Figure 3.4), which were roughly comparable between the two cell lines. Consistent
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Figure 3.3	| Robust	detection	of	repeat	periodicities	in	error-prone	single-molecule	sequenc-
ing	reads. (a)	Position-periodicity	representation	of	predominant	periodicity	detected	along	a
single-molecule	(SM) read	containing	a	single, homogenous	~20-mer	higher-order	alphoid	re-
peat	array	with	characteristic	periodicity	of	3,281	bp. (b)	An	SM read	with	an	irregular	alphoid
array	containing	multiple	periodicities; dotted	lines	indicate	regions	of	transition	between	pe-
riodicities	 that	may	represent	recombination	breakpoints. (c)	Receiver	operating	character-
istic	curve	for	ASTRL-based	classification	of	simulated	SM reads	from	previously	character-
ized	HORs	under	a	variety	of	indel	error	regimes	ranging	from	no	error	(e = 0)	to	30%	error
(e = 0.3).
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with previous models for the evolutionary origins of hominoid AS arrays (Alexandrov et al., 1988,
2001), alphoid dimers and pentamers and their integer multiples dominate human centromeres
(Figure 3.4).

The most recent release of the human genome assembly (GRCh38/hg38) contains centromere
referencemodels produced using a graph-based approximation dependent onmonomer adjacency
relationships observed in Sanger sequencing data (Miga et al., 2014; Rosenbloom et al., 2015). In or-
der to evaluate the similarity of this model to the raw sequencing reads, I simulated SM reads from
the hg38 centromere reference models with a read length distribution (Figure 3.4) and error profile
similar to the CHM1 and CHM13 datasets and analyzed the spectrum of HOR periodicities ob-
served. In contrast to the periodicities observed in the raw data, AS hexamers and decamers were
over-represented in the hg38 reference models and larger periodicities were under-represented
(Figure 3.4). I also evaluated the potential functional significance of the different HORs by quan-
tifying the number of CENP-B boxes, which are short 17-bp recognition sites for the sequence-
specific centromeric protein CENP-B associated with functional centromeres (Muro et al., 1992).
Dimeric HORs were four-fold more enriched for CENP-B boxes than other HORs (Figure 3.4),
reminiscent of functional Cen1-like AS dimers that associate with CENP-A nucleosomes, which
we previously identified (Henikoff et al., 2015). To further characterize these dimeric sequences,
I determined whether they were similar to the Cen1-like dimeric AS unit. Approximately 75% of
dimeric arrays had high-stringency alignments to the Cen1-like dimer, with a smaller proportion
containing matches to other dimeric sequences (Figure 3.4). Taken together, these results suggest
that functional dimeric AS arrays capable of binding CENP-B dominate human centromeres and
are under-represented in current models of centromeric sequence organization.

3.2.4 A catalogue	of	inter-individual	variation	in	human	centromeres

ASTRL was applied next to delineate the spectrum of HOR periodicity variation in human in-
dividuals using available PacBio whole-genome sequencing of lymphoblastoid cell lines (LCLs)
(Pendleton et al., 2015; Zook et al., 2016; Shi et al., 2016). I sampled reads from high-coverage
datasets employing the same approach used to analyze the CHM1 and CHM13 datasets. The rel-
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Figure 3.4	| Comprehensive	characterization	of	higher-order	repeat	periodicities	in	haploid
human	cell	lines. SM sequencing	datasets	from	the	haploid	CHM1	and	CHM13	cell	lines	were
analyzed	by	 iterative	 resampling	of	~10X genomic	coverage	partitions	with	 reads	 selected
based	on	 lengths	drawn	 from	a	 log-normal	distribution (a). (b) Proportion	of	CHM1	and
CHM13	reads	containing	HORs	and	monomeric	organization. Proportion	of	bases	in	CHM1
and	CHM13	alphoid	reads (c) and	simulated	reads	from	hg38	centromere	reference	models (d)
contained	in	HORs	of	differing	periodicities. (e) Enrichment	of	CENP-B boxes	in	dimeric	vs.
other, non-dimeric	HORs. (f) Proportion	of	dimeric	arrays	belonging	to	previously	defined
Cen1-	or	Cen13-like	 functional	dimeric	 sequences. Error	bars	 represent	mean ± standard
deviation	 for	analyses	performed	on	 ten	different	 random	partitions	of	 the	 raw	sequencing
data.
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ative fraction of HOR and monomeric reads was stable across different individuals (Figure 3.5).
However, the relative proportion of HORs with specific periodicities varied between individuals,
with closely related individuals sharing more HOR spectrum similarities (Figure 3.5). Interest-
ingly, the most variation seemed to be in non-dimeric HORs (such as 10-mer HORs in the Yoruba
individual relative to the other individuals analyzed, see Figure 3.5). ASTRL can therefore be used
to identify gross differences in HOR periodicities between human individuals.

3.2.5 Disease-associated	variation	in	alphoid	arrays

Karyotypic changes, especially aneuploidies, are pathologic hallmarks of cancer and centromeres
have been proposed to play a role in cancer-associated instability (Marshall et al., 2008). To gain
insight into centromeric structural variation in cancer, I applied ASTRL to AS-containing PacBio
reads fromwhole-genome sequencing of SK-BR-3, a HER2+ breast cancer cell line with a complex,
abnormal karyotype (Nattestad et al., 2016; Rondón-Lagos et al., 2014). Compared to the hydatidi-
formmole and LCL datasets, SK-BR-3 showed a roughly equal proportion of HOR andmonomeric
reads (Figure 3.6) and, consistent with genomic instability, a substantially larger fraction of SK-BR-
3 reads contained HOR inversions (Figure 3.6). The spectrum of periodicities observed in SK-BR-3
was also substantially different than in the LCLs and was marked by a reduction in the abun-
dance of alphoid dimers (Figure 3.6). I compared these dimeric units to the CENP-A associated
functional dimer we previously identified (Henikoff et al., 2015) and detected a substantial deple-
tion of these functional sequences (Figure 3.6), hinting at possible changes in centromere function.
Lastly, based on reports of widespread transcription in satellite regions important for normal cen-
tromere function (Blower, 2016; Quénet et al., 2016; Quénet and Dalal, 2014; Chan et al., 2012), I
compared the abundance of alphoid sequences in SM PacBio transcriptome sequence (IsoSeq) data
and detected a reduction in RNAmolecules containingAS in another breast cancer cell line (MCF7)
relative to the CEPH/Utah individual (Figure 3.6). These analyses hint at extensive aberration in
centromeres in cancer and identified alterations to functional centromeric sequences that may play
a role in disease-associated genomic instability.
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Figure 3.5	| Higher	order	repeat	structure	 in	human	 individuals. (a) Proportion	of	 reads
from	 lymphoblastoid	cell	 lines	 (LCLs)	whole-genome	sequencing	 from	an	Ashkenazim	 trio
(GM24149, GM24143, GM24385), a	CEPH/Utah	individual	(GM12878), a	Yoruba	 individ-
ual	(NA19240), and	Han	Chinese	individual	(HX1)	containing	higher-order	repeat	(HOR) or
monomeric	repeat	structure. Spectrum	of	observed	HOR periodicities	in	the	Ashkenazim	trio
(b) and	in	human	individuals	from	diverse	populations (c).



37

a b

c

d e

Figure 3.6	| Aberrant	centromeric	repeat	structure	in	a	breast	cancer	cell	line. Proportion
of	reads	containing	higher	order	repeats	(HOR) vs. monomers (a) and	inversions	vs. tandem
arrays (b) from	the	SK-BR-3	breast	cancer	or	CHM1	hydatidiform	mole	cell	lines. Spectrum	of
HOR periodicities (c) and	abundance	of	CENP-A associated	Cen1-	and	Cen13-like	functional
dimers (d) observed	in	SK-BR-3	vs. CHM1. (e) Enrichment	of	putative	centromeric	RNAs	con-
taining	alphoid	monomers	in	GM12878	(lymphoblastoid	cell	line)	and	MCF7	(breast	cancer
cell	line)	long-read	transcriptome	sequencing	data.
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3.2.6 Variant	HORs	are	enriched	for	CENP-B boxes

CENP-B, a highly conserved, sequence-specific DNA binding protein that recognizes a 17-nt mo-
tif called the CENP-B box, has been proposed to generate HORs through mechanisms that favor
unequal exchange (Kipling and Warburton, 1997; Warburton et al., 1993). I therefore examined
the distribution of CENP-B boxes relative to array features observed in SM reads. A substan-
tial fraction of reads contained multiple HOR types, suggestive of the presence of recombination
breakpoints (Figure 3.2). I compared SM reads containing these ‘junctional’ HORs across the differ-
ent human individuals analyzed earlier and defined two array types: 1,204 ‘variant’ arrays, which
show differential enrichment in abundance in at least one pairwise comparison of individuals, and
830 ‘invariant arrays,’ which show no evidence of differential enrichment in any pairwise compar-
ison. Variant arrays were substantially more enriched for CENP-B boxes compared to invariant
arrays, suggesting that the presence of the CENP-B box may be associated with the generation
of variation as proposed earlier (Kipling and Warburton, 1997; Warburton et al., 1993). Further,
in support of a potential role for CENP-B in actively generating variation, the variants detected
in the setting of genomic instability in SK-BR-3 were not enriched for CENP-B boxes (Figure 3.7).
Lastly, analysis of homology in regions upstream and downstream of CENP-B boxes in variant
arrays revealed a signature of inter-array recombination (Figure 3.7): high identity upstream of
the CENP-B box in the region of homology and low identity downstream (Warburton et al., 1993).
These results suggest a role for CENP-B in inter-individual variation in centromeres and, perhaps,
in shaping the evolution of HORs.

3.3 Discussion

ASTRL allows the characterization of structural variation in tandemly repeated genomic regions
using SM sequencing. ASTRL is applicable to raw/uncorrected data from Pacific Biosciences and
Oxford Nanopore platforms and is robust over a range of sequencing errors. When applied to
centromeres, this method revealed that functional alphoid dimers, which associate with CENP-A
nucleosomes, and pentamers are the major repeat structures at human centromeres. This study
also generated, to the best of my knowledge, the first genome-wide catalogues of alphoid repeat
structure in human individuals and in cancer. Further, AS variants were found to be enriched
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Figure 3.7	| Centromeric	structural	variants	occur	proximal	to	CENP-B boxes. (a) Enrichment
of	CENP-B boxes	in	reads	containing	‘junctional’	HORs	(defined	by	the	presence	of	multiple
HORs	on	the	same	read)	in	‘invariant’	arrays, which	show	no	variation	in	abundance	in	human
individuals, and	‘variant’	arrays	that	show	a	differential	abundance	in	a	pairwise	comparison
of	 indivduals. (b) Enrichment	of	CENP-B box-associated	variant	HORs	 (defined	based	on
differential	abundances	across	the	datasets	examined	and	based	on	presence	of	the	CENP-B
box)	in	the	SK-BR-3	cancer	cell	line	vs. shared	between	LCLs. (c) Distribution	of	observed
distances	between	a	junction	between	two	HORs	and	the	most	proximal	CENP-B box. (d)
Sequence	identity	in	1-kb	windows	up-	and	down-stream	of	oriented	CENP-B boxes.
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proximal to CENP-B boxes consistent with the importance of this protein in directing evolution of
HORs.

Investigating structural variation in satellite sequences using conventional next generation se-
quencing is challenging for a variety of reasons. Notably, repetitive regions tend to fall in assembly
gaps (Roach et al., 1999; Henikoff, 2002; Eichler et al., 2004) and short read alignment profiles are
difficult to interpret in tandemly repeated regions (Treangen and Salzberg, 2011). In contrast to
previous short-read sequencing-based approaches (Miga et al., 2014), ASTRL leverages long-read
SM sequencing and assembly-independent analysis to enable detailed characterization of repeat
structure. However, althoughASTRL is robust to sequencing error, it can currently only be used to
detect large (monomer scale) variation due to the high intrinsic error rate of SM sequencing. Vari-
ation at a smaller scale (especially single-nucleotide polymorphism) is known to occur in alphoid
arrays and has been proposed to play an important role in the evolution of human centromeres
(Alexandrov et al., 2001; Marçais et al., 1991; Roizès, 2006). Investigating this type of variationwith
SM sequencing data necessarily requires assembly-independent error correction. Hybrid error cor-
rection, which involves the alignment of high-quality short reads to SM read scaffolds (Koren et al.,
2012), remains challenging for the same reasons that short, repetitive reads are difficult to map to
genome assemblies. However, because adjacent HORs are known to be highly identical (Willard,
1991), ASTRLmay provide the opportunity to exploit the repetitive nature of alphoid reads to cor-
rect SM sequencing errors through multiple alignment-based consensus calling approaches (Chin
et al., 2013).

Previous studies detected HORs as restriction fragment length polymorphisms in population
scale analyses, typically examining a fewHORs (Southern, 1975b;Willard et al., 1989). Importantly,
ASTRL enabled comprehensive identification structural variation in AS arrays (limited only by se-
quencing depth) and highlighted evolution ofHORs along haplotypic lineages (Waye andWillard,
1986a; Wevrick and Willard, 1989; Warburton and Willard, 1995). Consistent with concerted AS
evolution by unequal crossover, there wasmore variation between human individuals from differ-
ent populations than individuals from the same population. Further, in addition to detecting poly-
morphism at known AS arrays such as the D17Z1 sequence recently shown to harbor functional
structural variants (Aldrup-MacDonald et al., 2016), ASTRL identified hundreds of new variants,
some of which may be functional on the basis of differential enrichment of CENP-A ChIP-seq sig-
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nal and Cen1-like dimeric sequence abundance. In addition to analyzing polymorphism in human
individuals, ASTRL identified changes in the gross structure of centromeric repeats in the SK-BR-3
cancer cell line that were consistent with extensive genomic instability revealed by spectral kary-
otyping (Rondón-Lagos et al., 2014). Interestingly, functional Cen1-like dimeric sequences were
depleted in SK-BR-3, suggesting possible changes in centromere function that may be a result of
chromosome breakage events (Schvartzman et al., 2010; Bunting and Nussenzweig, 2013), may be
adaptive or, alternatively, that could drive formation of neocentromeres (Marshall et al., 2008).

Chromosome armChromosome arm

Chromatin

structure

DNA

sequence
DNA sequence

divergence

~170 bp

CENP-A nucleosomes Canonical nucleosomes

Figure 3.8	| A model	for	sequence	organization	at	human	centromeres. Chromosome	arm-
proximal	centromeric	regions	are	composed	of	diverged	alphoid	monomers	that	give	way	to
increasingly	homogenous	HORs	towards	the	centromeric	core. This	pattern	of	organization	is
largely	supported	by	the	edges	of	assembled	chromosome	arms. The	centromeric	core	is	com-
posed	of	abundant	alphoid	dimers, which	interact	with	CENP-A nucleosomes	and, in	some
cases	CENP-B,	while	peripheral	alphoid	units	wrap	canonical	H3-containing	nucleosomes.

This study also revealed a difference in centromere reference models produced from Sanger
sequencing data, which are now part of the human reference genome assembly (Rosenbloom
et al., 2015), and raw sequencing data. I speculate that these differences could be due to as-
sumptions in the underlying second-order Markov model used to generate the reference models
(Miga et al., 2014), e.g., that the observed monomer adjacencies are reflective of the in vivo state
of centromeres. This compositional variation could arise from recombination as tandem repeat-
containing sequences are known to be unstable in bacteria (Thapana et al., 2014; Treangen and
Salzberg, 2011), which were used to amplify genomic DNA for shotgun sequencing (Venter et al.,
2001). In contrast, the PacBio datasets were produced without passing DNA through bacterial or
yeast hosts and were further not subjected to PCR amplification (Huddleston et al., 2017; Zook
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et al., 2016; Chaisson et al., 2015). Consistent with our previous identification of functional dimeric
units with unique chromatin structure (Henikoff et al., 2015), ASTRL detected a high proportion
of dimeric sequences in all of the datasets analyzed. These Cen1-like dimers, which were par-
ticularly enriched in the raw data, contain CENP-B boxes, which appeared to be associated with
junctions between different HORs. Previous studies have proposed that CENP-B promotes recom-
bination, potentially by homodimerizing and stabilizing out-of-register pairing (Warburton et al.,
1993; Kipling andWarburton, 1997). Based on these observations, I propose amodel for the human
centromere (Figure 3.8) thatmodifies the current view (Schueler et al., 2001). In thismodel, the cen-
tromeric core is composed of dimeric sequences such as the Cen1- or Cen13-like functional units,
which interact with CENP-A. The edges of the centromere harbor HORs, which are produced by
randommutation accumulation in dimers and CENP-B-facilitated unequal exchange. As CENP-B
boxes are lost andmoremutations accumulate, repeat units cease to undergo exchange andhomog-
enization and become targets of transposon insertion at the chromosome arm-proximal periphery
of centromeres.

As long read sequencing becomes more commonplace, I expect techniques such as ASTRL,
complemented with base-pair resolution experimental methods, will allow the delineation of the
structure of human centromeres and will contribute new insights into mechanisms by which vari-
ation in repetitive regions shapes organismal evolution and disease risk.
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Chapter 4

EVOLUTIONARY DYNAMICS OF PRIMATE CENTROMERES

Centromeric chromatin is nearly universally marked by the presence of the histone H3 variant
CENP-A and rapidly evolving repetitive genetic elements. Despite the high degree of conserva-
tion of kinetochore architecture, extensive turnover of centromeric DNA and the apparent absence
of sequence specificity in de novo centromerization events has led to a model wherein centromeres
are defined epigenetically; however, the precise mechanism by which centromere identity is spec-
ified remains obscure. Here DNA sequence determinants at centromeres are reconsidered from
an evolutionary perspective in a dense sampling of the primate lineage. I identified putative cen-
tromeric satellites in prosimians and confirm the abundance of α-satellite units in the centromeres
of simian primates. I also find that higher-order repeats, initially thought to be found only in the
centromeres of hominoids, are a general feature of primate centromeres and that their abundance
correlates with presence of binding sites for the sequence-specific DNA-binding protein CENP-B.
Further, CENP-B box abundance is inversely correlated with palindromes in alphoid monomers
and the tendency for the formation of DNA stem loops and hairpins. I speculate that centromere
identity is specified by a deeply conserved genetic mechanism dependent on the recognition of
cruciate DNA structures by CENP-A histone chaperones.

4.1 Introduction

Eukaryotic centromeres are nearly universally marked by the presence of the histone H3 vari-
ant CENP-A, which is thought to be sufficient for DNA sequence-independent, ‘epigenetic’ cen-
tromere specification. However, DNAsequences found at endogenous centromeres are required to
support centromerization and faithful transmission of artificial chromosomes (Ohzeki et al., 2002;
Ebersole et al., 2000; Henning et al., 1999;Masumoto et al., 1998; Ikeno et al., 1998; Harrington et al.,
1997) and the nature of centromeric DNA tends to be conserved, suggesting an important genetic
contribution to centromere identity (Koch, 2000).
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Over nearly 60 million years of evolution, the centromeres of simian primates have remained
embedded within megabase-scale arrays of tandemly repeated ~170 bp α-satellite (AS) elements,
whichundergo rapid, concerted evolution along species-specific trajectories throughunequal crossover
(Willard, 1991; Alexandrov et al., 2001). While this fundamental AS repeat unit is shared among
simian primates, the long-range architecture of repeats is variable (Alexandrov et al., 2001). In
apes, the centromeric periphery is characterized by ‘monomeric’ arrays of highly diverged alphoid
units and the functional centromeric core is composed of highly homogenous multimeric AS ar-
rays (Schueler and Sullivan, 2006). These multimers, called higher order repeats (HORs), are spe-
cific to chromosomes and are thought to be the product of inter- and intra-chromosomal exchange
(Willard, 1991). Curiously, while New World Monkeys (NWMs) were recently shown to have
HORs consistent with this model, Old World Monkeys have a repeat structure marked by ho-
mogenous monomers or dimers (Alexandrov et al., 2001). Another difference in simian AS arrays
is the presence of the 17-nt CENP-B box, which is recognized by the sequence-specific DNA bind-
ing protein CENP-B (Muro et al., 1992). Domesticated from pogo-like transposases, CENP-B is
deeply conserved in mammals at the amino acid level (~96% sequence identity between human
andmouse) (Kipling andWarburton, 1997; Mateo and González, 2014). CENP-B protein is present
in primates and, in apes, CENP-B boxes are detectable by hybridization at the primary constrictions
of all chromosomes excepting the Y chromosome (Haaf et al., 1995). In humans, CENP-B interacts
with other centromeric proteins to help nucleate kinetochore formation and enhance the fidelity of
chromosome segregation (Hoffmann et al., 2016; Fachinetti et al., 2015, 2013). Paradoxically, while
CENP-B and its binding site are present at some NWM centromeres (Kugou et al., 2016), OWMs
do not have centromeric CENP-B boxes or protein localization (Goldberg et al., 1996).

In order to better define evolutionary transitions in primate centromeric DNAs, I densely sam-
pled species from the primate lineage and compared their centromeric satellites using data from
whole-genome sequencing. This analysis confirmed and extended previously characterized vari-
ation to include the identification of putative centromeric repeats in lemurs. Further, we found
presence of the CENP-B box to be limited to hominoids, excepting gibbons, and some NewWorld
Monkeys, suggesting a potential role for CENP-B in satellite replacement and lending further sup-
port to a role for CENP-B in repeat evolution (Chapter 3). Analysis of global sequence features
revealed an anti-correlation between presence of the CENP-B box and dyad symmetries in satel-
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lite monomers. Computational predictions suggested that regions of dyad symmetry could form
stem-loop structures. Based on these data, I propose a genetic model for the specification of cen-
tromere identity based on the formation of cruciform structures recognized by the CENP-A chap-
erone HJURP.

4.2 Results

4.2.1 Identification	of	candidate	centromeric	satellites	in	primates

Historically, ~170-bp alphoid satellites are thought to be present at the centromeres of all primates;
however, recent work has identified non-alphoid repeat expansions in the centromeres of gib-
bons and highly divergent satellites in New World Monkeys (Baicharoen et al., 2012; Hara et al.,
2012; Carbone et al., 2014; Sujiwattanarat et al., 2015; Kugou et al., 2016); sequences at prosimian
centromeres remain to be clearly defined (Lee et al., 2011). Therefore, I sought to identify domi-
nant, candidate centromeric repeats in each species using an unbiased approach. I carried out the
computational equivalent of density gradient ultracentrifugation or restriction analyses classically
used to define satellite DNAs by searching for tandem repeats in ~1-kb long Sanger sequencing
reads (similar to the approach used by Melters et al. (2013)) and contigs from primate sequencing
projects. This analysis recovered the expected 1̃70 bp AS sequences in the simian primates (Fig-
ure 4.1); however, detection of a strong signal corresponding to AS was dependent on sequencing
depth. Consistent with previous reports (Prakhongcheep et al., 2013; Sujiwattanarat et al., 2015),
the major AT-rich complex satellite in NWMs is a 340-bp dimeric sequence (Figure 4.1) contain-
ing one monomer that is highly divergent from AS. SVA elements, which constitute novel class
derived from interspersed repeats at gibbon centromeres (Hara et al., 2012), were not recovered
as a highly reiterated satellite. Candidate satellites could not be identified in the genomes of two
prosimians (Lemur catta andOtolemur garnettii) due to low read depth; however, a ~50-bp GA-rich
repeat with no detectable homology to AS was discovered inMicrocebus murinus (Figure 4.1).

4.2.2 HORs	are	present	in	all	simian	primates	and	in	the	sifaka	lemur

In order to determine whether HORs are present in OWMs and NWMs as predicted by AS evo-
lution by unequal crossover, contigs from genome assemblies were queried for the presence of
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Figure 4.1	| Putative	centromeric	repeats	dominate	the	tandem	repeat	spectrum	of	primates.
Tandem	repeat	period	histograms	for	a	sampling	of	primates	based	on	raw	Sanger	sequencing
data	deposited	in	the	NCBI Trace	Archive. Dashed	lines	indicate	the	location	of	peaks	detected
in	simian	primates	(~170	and	~340	bp)	and	a	prosimian,Microcebus	murinus (~48	bp). Note
that y-axes	are	all	on	the	same	logarithmic	scale.
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candidate repeats identified above. Because HORs are, by definition, composed of relatively di-
vergent monomers, these sequences should be amenable to assembly. The construction of self-
alignment dotplots for a random selection of contigs revealed that higher-order structure is present
in both OWMs and NWMs (Figure 4.2). I used PacBio data available for some OWMs and lemurs
to confirm the tandem repeat spectra with dominant ~170-bp repeats (Figure 4.3). Interestingly,
the sifaka lemur (Propithecus coquereli) was found to have a 170-bp satellite, although this repeat
unit was not homologous to α-satellite. ASTRL, the method for repeat characterization described
inChapter 3, was used to estimate the abundanceHORperiodicities in one great ape, threeOWMs,
and one lemur (Propithecus coquereli) with available single-molecule sequencing data. While HOR
periodicities in gorilla are similar to the spectrum observed in humans (Chapter 3), OWMs have
centromeres were highly enriched for dimeric units with higher periodicities accounting for < 5%
of total alphoid sequence (Figure 4.3). This likely explains why HORs have gone undetected in
these species. Based on these analyses, I conclude that HORs are present in all simian primates,
but are substantially enriched in hominoids.

4.2.3 Extensive	variation	in	primate α-satellite	inferred	from	short-read	sequencing

Previous studies of AS sequence diversity in primates relied on analysis of restriction fragments,
limited whole-genome Sanger sequencing data, or end-sequenced BAC or fosmid clones (Willard
et al., 1986; Alkan et al., 2007; Terada et al., 2013; Sujiwattanarat et al., 2015). In order to broadly
sample alphoid sequences from representative hominoids, NWMs, and OWMs, we took advan-
tage of publicly available short-read, ~100×100-bp paired-end sequencing datasets. Candidate
centromeric sequences were detected by Hidden Markov Model-based homology searching using
AS models deposited in DFAM (Hubley et al., 2016); therefore, ‘alphoid’ as used here refers to
sequences that are homologous to the classical α-satellite unit defined in hominoids and OWMs.
I first used principal components analysis of 5-mer vectors to verify that 100-bp reads, which are
shorter than the AS monomer length (~170 bp), contained sufficient information to distinguish
the three clades and species within each clade (Figure 4.4). The short read datasets analyzed here
recapitulate previous phylogenetic studies of AS sequence variation in primates (Schueler et al.,
2005; Alkan et al., 2007). Estimation of alphoid sequence abundance revealed extensive variation
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Figure 4.2	| Higher	order	 repeats	are	a	general	 feature	of	Old	and	New	World	Monkey
centromeres. Conventional	 self-alignment	 dotplots	 for α-satellite-containing	 contigs	 from
genome	assembly	projects	for	the	indicated	Old	World	Monkey (a) and	New	World	Monkey
(b) species. Repeat	structure	inferred	from	distances	between	dominant	diagonals	is	schema-
tized	with	arrows. Note	that	dotplots	are	not	scaled	to	reflect	the	different	sizes	of	the	analyzed
contigs.
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Figure 4.3	| Characterization	of	 the	 structure	of	 putative	 centromeric	 repeats	 from	 two
prosimians. (a)	Tandem	repeat	abundance	histograms	based	on	PacBio	single-molecule	se-
quencing	datasets	for	human	(CHM1	hydatidiform	mole	cell	line), Old	World	Monkeys	(Papio
anubis, Macaca	mulatta, and Macaca	nemestrina), lemurs	(Propithecus	coquereli and Micro-
cebus	murinus), and	mouse	(Mus	musculus). Example	similarity	matrices	(see Chapter 3)	for
HMM-defined	~170-bp	putative	centromeric	repeat	units	from Propithecus	coquereli (b) and
~48-bp	putative	centromeric	repeat	unit	from Microcebus	murinus (c).
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between and within clades (Figure 4.4). In general, in hominoids and OWMs, alphoid sequence
accounted for approximately 2-10% of the genome; whereas, only one NWM (A. nancymaae) con-
tained an appreciable AS fraction (Figure 4.4). The relative paucity of satellite homologous to
hominoid/OWM AS is consistent with reports of highly diverged or derivative AS at the cen-
tromeres of NWMs (Prakhongcheep et al., 2013; Sujiwattanarat et al., 2015). Within hominoids,
the most variability in AS abundance was in gibbons (Figure 4.4), which have undergone rapid
karyotype evolution accompanied by the innovation of new composite transposon-derived cen-
tromeric repeats (Hara et al., 2012; Carbone et al., 2014). We next queried datasets in their entirety
and alphoid reads specifically for the 17-nt core CENP-B motif required to support DNA-binding
(NTTCGTNNNANNCGGGN) and found a highly restricted distribution of these sequences (Figure 4.4). The
hominid genera (Homo, Pan, Gorilla) contained themostmatches to the core CENP-B box at both the
genomic and alphoid sequence levels, whereas gibbons had few detectable CENP-B motifs (Fig-
ure 4.4). OWMs had negligible amounts of CENP-B at either the genomic or AS levels (Figure 4.4),
consistent with a previous report (Goldberg et al., 1996). Interestingly, three of the NWMs (Cal-
lithrix jacchus, Cebus capucinus, Saimiri boliviensis) contained an appreciable quantity of CENP-B
boxes (Figure 4.4) as suggested by one previous study (Kugou et al., 2016); however, these se-
quences were not in the fraction homologous to hominoid and OWM AS (Figure 4.4). Combined
with the analysis of HORs above, I conclude that the abundance of centromeric CENP-B boxes
correlates with the fraction of centromeric satellite contained in HORs.

4.2.4 Presence	of	CENP-B boxes	is	inversely	correlated	with	hairpin-forming	dyad	symmetries

In addition to variation in CENP-B boxes, previous studies identified dyad symmetries in alphoid
DNA and the tendency for some alphoid DNA to adopt hairpin structures (Koch, 2000; Jonstrup
et al., 2008). Visual examination of randomly selected monomeric units from various primates
identified regions of dyad symmetry (Figure 4.5). Comprehensive enumeration of dyad symme-
tries over varying loop and palindrome lengths (Figure 4.5) of monomer fragments detected using
Illumina sequencing revealed a striking clade-specific enrichment of particular symmetries in Old
World Monkeys and New World Monkeys and a depletion of closely-spaced long-palindrome
dyads in great apes. Given the predilection for dyad symmetries to give rise to hairpin and stem
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Figure 4.4	| Characterization	of α-satellite	in	primates	using	short-read	sequencing. (a)	Prin-
cipal	components	analysis	of	5-mer	vectors	for	a	sampling	of	hominoids, Old	World	Monkeys
(OWMs), and	New	World	Monkeys	(NWMs)	separates	these	three	clades. (b)	Principal	com-
ponents	analysis	of	5-mer	vectors	for	the	species	in	each	of	the	three	clades	separately	robustly
differentiates	genera	and/or	species. (c)	Estimated	abundance	of	alphoid	sequence	(defined	via
profile	hidden	Markov	model	homology	searching	against	human	and	OWM-defined	alphoid
sequence)	and	CENP-B boxes	in	the	whole	genome	sequencing	dataset	or	in	alphoid	reads
specifically	(d,e).
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Figure 4.5	| Differential	 enrichment	of	dyad	 symmetries	with	 the	potential	 to	 form	 sec-
ondary	structure	in	primate	alphoid	satellites. (a) Examples	of	dyad	symmetries	in	segments
of	 alphoid	monomers	 from	human, an	Old	World	Monkey	 (Macaca	mulatta), and	a	New
World	Monkey	(Aotus	nancymaae). (b) Enrichment	of	dyad	symmetries	of	varying	spacer	and
palindrome	lengths	in	alphoid	monomers	from	a	sampling	of	simian	primates	with	available
next-generation	sequencing	data. (c) Predicted	secondary	structure	formation	free	energies
for 105 randomly	sampled	alphoid	monomers	from	hominoid	and	Old	World	Monkey	species
with	high-quality	Sanger	sequencing	data. (d) Examples	of	predicted	secondary	structures	for
randomly	chosen	alphoid	monomers	 from	human	and	the	rhesus	macaque, an	Old	World
Monkey	(Macaca	mulatta).
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Figure 4.6	| Examples	of	neocentromeres	with	dyad	symmetries. Conventional	self-alignment
dotplots	for	BAC sequences	hybridizing	to	sequences	from	previously	published	CENP-A chro-
matin	immunoprecipitation	in	cell	lines	harboring	neocentromeres. Note	that	dyad	symme-
tries	manifest	as	diagonal	lines	that	are	orthogonal	to	the	main	diagonal	and	that	dotplots	are
not	scaled	to	reflect	differences	in	the	length	of	the	BAC sequences	analyzed.
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loop structures, I turned to computational prediction of single-stranded DNA folding free energy
(Lorenz et al., 2011) to determine whether alphoid monomers from different primates form fa-
vorable secondary structures. Consistent with the pattern of enrichment of dyad symmetries, the
distributions of folding free energies for two OWMs are left-shifted relative to the distributions for
hominoids (Figure 4.5). Interestingly, this tendency for alphoid sequence to form secondary struc-
ture inversely correlated with the observed distribution of centromeric CENP-B boxes (Figure 4.4).
To further confirm this trend, I examined theDYZ3 satellite from the humanY chromosome, which
does not contain CENP-B boxes, and found that, of all human AS monomers, it has among the
lowest predicted folding free energies (Figure 4.5). I also examined BACS containing human neo-
centromere sequences (Alonso et al., 2007, 2003) relative to a region adjacent to one of these BAC
sequences not known to form neocentromeres (Figure 4.6) and identified a slight enrichment for
inversions consistent with a possible role for these sequences in specifying centromere identity
(Koch, 2000; Jonstrup et al., 2008).

4.3 Discussion

I examined sequence variation in centromeric satellites in a broad sampling of species from the
primate lineage. This analysis confirmed previously identified variation in centromeric satellite
sequences for simian primates and identified novel non-alphoid putative centromeric repeats in
prosimians. Further, this study demonstrates that HORs are a universal feature of primate cen-
tromeres and are not just restricted to hominoids and NWMs. The abundance of HORs, however,
appears to correlatewith fraction of alphoid sequence containing CENP-B boxes. Further, the pres-
ence of CENP-B boxes is inversely correlated with enrichment for dyad symmetries and predicted
tendency to form hairpin/stem-loop DNA secondary structure.

Taken together, these lines of evidence suggest a model for specification of centromere identity
based on the recognition of cruciform structures (Figure 4.7). In this model, centromere identity
is determined by the formation of cruciform secondary structures in alphoid monomers, which
are recognized by the CENP-A chaperone Holliday junction binding protein (HJURP) (Kato et al.,
2007). In specieswith alphoid sequences that do not favorably adopt hairpin/stem-loop structures,
CENP-B functions to create conditions that favor the formation of these structures, possibly by
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deforming or locally melting the DNA backbone (Tanaka et al., 2001). Consistent with this model,
alphoid sequence has been shown to form stem/loop structures in vitro (Jonstrup et al., 2008) and
alphoid DNA in humans forms long single-stranded DNA domains (Aze et al., 2016).

~171 bp α-satellite monomer

Dyad symmetry

Cruciform

formation
1

HJURP

binding
2

CenH3

recruitment
3

a b

CENP-B box

OWMs and NWMs Hominids

HJURP

CENP-B

Figure 4.7	| A model	 for	 centromere	 specification. Repetitive	 centromeres	 vary	 in	 their
predilection	for	forming	cruciform	structures	exemplified	by	the α-satellite	sequences	of	Old
World	Monkeys, which	are	predicted	to	form	remarkably	stable	hairpins	and	stem-loops, and
the	hominids, which	form	less	thermodynamically	stable	structures.

This model provides parsimonious explanations for a number of puzzling phenomena and is
compatible with proposed functions for CENP-B in enhancing the fidelity of chromosome segre-
gation (Fachinetti et al., 2015, 2013; Hoffmann et al., 2016). Importantly, it resolves the CENP-B
paradox (Goldberg et al., 1996; Kipling and Warburton, 1997) by identifying a necessary role for
CENP-B in facilitating the formation of secondary structures in species with alphoid monomers
that do not favorably form cruciforms. This may also explain why CENP-B, although not required
for native centromere specification in which centromere identity is maintained by the presence of
CENP-A, is required for de novo centromerization of artificial chromosomes (Ohzeki et al., 2002;
Ebersole et al., 2000; Henning et al., 1999; Masumoto et al., 1998; Ikeno et al., 1998; Harrington
et al., 1997). The recognition of cruciforms and the possible enrichment of these sequences in the
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few well-characterized human neocentromeres may also support this model. A structural mech-
anism is compatible the conservation of HJURP/Scm3 CENP-A chaperones in many eukaryotes
(Sanchez-Pulido et al., 2009), while still allowing for a large sequence space that can be sampled
during rapid evolution of centromeric DNA. Therefore, the recognition of cruciform DNA struc-
tures in satellite DNAs may be a general mechanism for the specification of centromere identity.
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Chapter 5

CONCLUSIONS &	PERSPECTIVES

The exisƟng hypotheses concerning the funcƟons of satellite DNA usually leave the general
reader with the impression of an insoluble morass. However, if one simply considers the
hard data... it is soon apparent that the difficulƟes are more imaginary than real.

−Miklos and John, American Journal of Human GeneƟcs, (1979)

Despite the important role played by satellite DNA in early studies of complex genomes, repet-
itive loci have been arguably understudied in the post-genomic era. In the centromere field, for
example, the focus apparently shifted in the 1980s due in part to the identification of reagents al-
lowing the characterization of centromeric proteins. However, the pendulum seems to be swinging
back: advances in experimental and computational techniques for sequence analysis are increas-
ingly bringing satellite DNAback into focus, especially in the context of chromatin biology. Below,
I outline what I consider important important areas for advancing our understanding of repetitive
centromeres.

The methodological contributions of this work are important from the perspective of better un-
derstanding the extent of variation in satellite DNAs at centromeres, which is critical given the
evolutionary plasticity of these loci and their implication in disease. In addition to suggesting
ways in which existing short-read sequencing data could be analyzed to explore single-nucleotide
variants, the tools described here can be used to analyze the growing trove of single molecule se-
quencing data to interrogate large-scale polymorphism in repeat organization. The application
of single-molecule sequencing to characterize disease-associated variation in individual patients
(Merker et al., 2016) is especially exciting because it provides an opportunity for investigating the
role centromeric DNA plays in hallmarks of disease such as genome instability. I also expect that
these and other methods, when applied to single-molecule data generated from a variety of organ-
isms through ongoing large scale sequencing projects, will yield new insights into the evolution of
centromeres and satellite DNAs.

In addition to identifying extensive polymorphism in human centromeres, this work advances
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testable models positing roles for CENP-B in the evolution of centromeric DNA and non-B-form
DNA structures such as cruciforms or stem-loops in specification of centromere identity. Given
the facility of manipulation of mammalian cells with advances in genome editing, I anticipate
these ideas can be experimentally tested. Specification of centromeres by genetically-encoded
DNA structures, in particular, could be easily tested using routinely used plasmid/chromosome
maintenance assays (Harrington et al., 1997). If validated, a deeply conserved, genetic basis for
centromere specification would have important implications for the creation of artificial chromo-
somes with a range of applications in biotechnology and, potentially, therapeutics.

The computational challenges inherent to sequence analysis in repetitive regions have pre-
cluded assembly using short-read sequencing and conventional algorithms (Treangen and Salzberg,
2011). However, the maturation of single-molecule sequencing technologies coupled with im-
proved experimental approaches for isolating high-molecular weight DNA and new computa-
tional tools suggests that the goal of completing genome projects may bewithin reach (Miga, 2015).
Current single-molecule sequencing technologies routinely produce average read lengths of ~10-20
kb, although there have been recent reports of ~1-Mb reads produced using nanopore sequencing
(Jain et al., 2017a). Indeed, this technology has already been leveraged to sequence whole bac-
terial artificial chromosome inserts from the human Y chromosome centromere, permitting their
linear ordering and thus the first assembly of a human centromeric array (Jain et al., 2017b). Cen-
tromere assemblies should further enable studies of genetic variation and, in conjunction with ap-
proaches for the precise manipulation of centromere components with genome editing tools and
high-resolution approaches for analyzing chromatin, contribute to a clearer understanding of the
role that satellite DNAs and centromeres play in evolution, human health, and disease.
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Appendix A
ANALYSIS OF GENETIC VARIATION IN HUMAN CENTROMERES

This Appendix provides the methodological details for the work presented in Chapter 3.

A.1 Datasets

Pacific Bioscence Single-Molecule (SM), Real-Time sequencing datasets used in this study
were from the following NIH SRA projects: PRJNA246220 and PRJNA253496 (CHM1)11,
PRJNA269593 (CHM13), PRJNA200694 (Ashkenazim Trio), PRJNA288807 (Yoruban), PR-
JNA200694 and PRJEB7353 (GM12878), PRJNA301527 (Han Chinese individual). GM12878
Oxford Nanopore data are available from a public release by Oxford Nanopore, Inc.
(https://nanoporetech.com/publications/na12878-human-reference-oxford-nanopore-minion).

A.2 Identification	of	SM reads	containing	repeat	monomers

Reads containing alphoid satellite (AS) repeat monomers were identified using profile hidden
Markov model searching with HMMSEARCH (Wheeler and Eddy, 2013). HMMs used for read
annotation were produced using seed alignments from DFAM(Hubley et al., 2016) (accession
DF0000029) and HMMSEARCH was run with default parameters using the forward and reverse
complements of DFAM seed alignments. Alternatively, BLAST searching against a sequence or
database containing sequences of interest can be used. In cases requiring de novo discovery of
tandemly repeated sequences, the input sequence database for defining repeat monomers can be
derived using a tandem repeats detection approach such as Tandem Repeats Finder. Note that the
periodicity detection and read segmentation approaches are independent of precise identification
of repeat monomers, which was performed only to define a set of reads containing the repeats of
interest and for visualization of reads.
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A.3 ASTRL:	Characterization	of	array	periodicities

For a read s of length L, I define a segment to be periodic if, for x ∈ [0, L), positive integer n and
an error parameter ϵ, s(x) = s(nx±ϵ). Conventional periodicity/frequency detection approaches
such as Fourier- and wavelet-based methods are not robust to indels without additional computa-
tionally expensive steps such as dynamic time warping. Given the large number of reads (> 106)
and their relatively long lengths ( 104), I used a fast, indel-resilient suffix array-based periodic-
ity detection algorithm. In outline, for each read, a suffix array S was computed using the SAIS
linear-time induced sorting algorithm and repeating k-mers were identified using binary search
over the suffix array. Periodicities in [1, L⁄2), i.e., the less than the Nyquist limit, were subsequently
analyzed. Given that indels cause variation in the distance d between matches that is non-linear
in d, we used a random walk approximation of the error parameter ϵ described by Benson (1999)
(ϵ = 2.3

√
pi · d for indel probability pi). A two-step approach was employed to detect and refine

periodicities. In the first step, all occurrences of repeating k-mers under the edit distance were
discovered, generating a set of, typically, tens of thousands of periodicities for each read. In the
final step, candidate periods were validated by computing the edit distance. This step relied on
the Edlib library for fast sequence alignment (Šošic and Šikic, 2017).

A.4 ASTRL:	Read	segmentation

To account for the possibility that a read could contain arrays with differing characteristics (in-
cluding non-periodic components), reads were segmented based on periodicity. For each read,
we created a two-dimensional position-periodicity representation akin to a time-frequency spec-
trogram generated from short-time Fourier transformation. For a read of length L and maximum
periodicity of interest Pmax, we defined a L×Pmax matrix S in which the number of times a single-
base position x ∈ [0, L) is in a segment with periodicity p ≤ Pmax is stored at S(x, p). Subharmonic
summation was used to emphasize fundamental periodicities and suppress noise inherent in pe-
riodicity detection by exploiting the expectation for ‘ringing’ at higher harmonics of fundamental
periodicities. In this formulation, α ∈ (0, 1] is a decay factor, which weights the harmonics as a
geometric progression and effectively suppresses detection of integer multiples of the fundamen-
tal period. Maxima in S correspond to the optimal segmentation. A fifth order median filter was
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used to smooth the signal and minimize point discrepancies. Finally, change points (transitions
from one periodicity to another) were naively defined to occur at a position xi if |xi+1 − xi| ≥ t for
an empirically determined threshold value t.

A.5 False	discovery	rate	(FDR) estimation	and	validation	of	approach

For each dataset, FDR estimates were derived using the Benjamini-Hochberg procedure from a
corresponding set of randomly permuted reads. Simulated PacBio reads from previously char-
acterized alphoid arrays were used to validate the periodicity detection and read segmentation
approach. Simulated reads were produced using SimLoRD (Stöcker et al., 2016).
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Appendix B
ANALYSIS OF CENTROMERIC SATELLITE IN PRIMATES

This Appendix describes the methodology employed for characterization of variation in pri-
mate centromeric satellites described in Chapter 4.

B.1 Datasets

B.1 lists the NCBI Sequence Read Archive (SRA) accession numbers for the publicly available
whole genome sequencing datasets used in the comparative analysis of primate alpha satellite.
?? lists the SRA accessions for ssDNA-seq, PIP-seq, and ChIP-seq datasets that were analyzed.

B.2 Definition	of	putative	centromeric	satellites

Putative centromeric satellites were defined using raw whole-genome Sanger sequencing data
and assembled contigs from primate genome sequencing projects. Satellite units of length 1-1,000
bp were identified using Tandem Repeats Finder (TRF) (Benson, 1999) similar to Melters et al.
(2013). TRF was run with the following parameters 2 7 7 80 10 50 1000 -h -ngs (correspond-
ing to: match weight and mismatch and indel penalties of 2, 7, and 7, respectively; match and
indel probabilities of 80 and 10, respectively; minimum reportable alignment score of 50; maxi-
mum period of 1,000 bp; with HTML output suppressed and compact ‘ngs’ output). Lengths of
putative centromeric repeats were defined based on peak locations in repeat length histograms
and sequences corresponding to these peaks were recovered from the TRF output and dedupli-
cated; common ‘background’ sequences such as Alu and LINE elements were filtered out at this
stage. Simian sequences generally aligned to published AS consensus sequences and, to facilitate
downstream analyses, were shifted to occupy a common register. Simian sequences were suf-
ficiently divergent that this was not performed. Reads and contigs were then re-scanned using
BLASTN (parameters: -task dc-megablast -outfmt 6) to recover in-register monomeric units that
were used in subsequent analyses.
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B.3 Centromeric	satellite	HMMs

HMMs specific to hominoids, OWMs, and NWMs were produced by combining monomers from
Sanger reads and contigs from the respective species and randomly sampling 1000 for multiple
alignment usingMUSCLE (with default parameters). Thesemultiple alignmentswere used to con-
struct HMMs using HMMBUILD (with default parameters). A similar procedure was performed
with the prosimian sequences, except HMMs constructed were species-specific.

In addition to these HMMs, the three α-satellite DFAM HMMs (accession numbers DF000029,
DF000014, DF000015) were also used to identify AS units in Illumina and PacBio datasets.

B.4 Data	processing	and	identification	of	satellite	monomers	in	Illumina	and	PacBio	datasets

Illumina sequencing reads were pre-processed (adapter trimming and quality filtering) using bb-
duk (with default parameters). Alphoid reads were identified via homology searching using
HMMSEARCH (with default parameters). Only illumina reads containing matches with length
>= 85 bp were retained and, in instances where only one end of a paired-end read was flagged as
a match, both ends were retained for subsequent analyses.

B.5 Alignment-free	comparison	of	AS monomers

Given the success of alignment-free comparison of whole-genomes using feature frequency pro-
files (Sims et al., 2009), k-mer decomposition with k = 5was used to cluster 10,000 randomly cho-
sen Illumina reads from each species. Note that sequences were reverse complemented as needed
to ensure all sequences were on the same strand relative to the corresponding HMM consensus
sequence. For each sequence, a 1024-dimensional feature vector was constructed and used to store
5-mer counts. Prior to principal components analysis (PCA), the collection of feature vectors was
transformed such that counts for a given 5-mer across the dataset had zeromean and unit standard
deviation. PCA was performed using scikit-learn, keeping the first 25 components.

B.6 Detection	of	dyad	symmetries

In order to efficiently detect dyad symmetries in large databases of sequences (short reads from
Illumina sequencing and longer reads fromSanger sequencing), an approach based on suffix arrays
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was used. Each sequence of interest was concatenated with its reverse complement and the suffix
and longest common prefix (LCP) arrays were constructed. Regions exhibiting dyad symmetry
should occupy adjacent positions in the suffix array, which maintains the suffixes of the sequence
and its reverse complement in lexicographic order. The LCP array provides a fastway to determine
the number of identical positions in the prefixes of adjacent suffixes. Therefore, traversal of the
suffix and LCP arrays allows the rapid identification of dyad symmetries.

B.7 DNA secondary	structure	prediction

The ViennaRNA package v2.2 (Lorenz et al., 2011) was used to predict the minimum free
energies of secondary structure formation in satellite sequences. RNAfold was used with
the following parameters for DNA secondary structure prediction: ‘–noGU –noconv –noPS –

paramFile=dna_mathews2004.par’. Folding predictions were performed on random samples of 105

HMM-defined monomers (Sanger data) or 104 reads containing HMMmatches (Illumina data).
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