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It was the best of times, it was the worst of times, it was the age of
wisdom, it was the age of foolishness, it was the epoch of belief, it was
the epoch of incredulity, it was the season of Light, it was the season
of Darkness, it was the spring of hope, it was the winter of despair,
we had everything before us . . ..

Chatles Dickens
A Tale of Two Cities, Chapter 1, 1859
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Abstract

The short arms of all the five human acrocentric chromosomes contain genomic region
known as nucleolar organizer regions (NORs). The NOR is the site of nucleolus formation
and therefore play critical role in cell survival. It has two components: a tandem array of
ribosomal DNA (rDNA) units and regions surrounding the rDNA tandem array, the rDNA
flanking regions. In this work, [ have explored both components of the NOR to unravel their

genomic and functional features.

Aside from their rRNA coding function, the rDNA intergenic spacer (IGS) are thought to
contain many non-coding functional elements that are involved in a variety of cellular
processes. The repetitive nature of the IGS has made these non-coding elements difficult to
identify, therefore I employed phylogenetic footprinting to identify putative functional
elements in the human rDNA. To implement phylogenetic footprinting, I performed whole
genome assemblies to determine the rDNA sequences of six primate species. These primate
rDNA sequences were compared with human rDNA to identify fifty-three conserved regions
in the human IGS that correspond to known rDNA functional elements, as well as novel
conserved regions with unknown function. The human IGS is known to transcribe noncoding
RNAs and therefore, to identify transcripts from the novel conserved regions I performed
RNA-seq analysis. Integration of phylogenetic footprinting and RNA-seq analysis results
revealed that several conserved regions potentially actively transcribe a number of long
poly(A)- transcripts that include a cancerous tissues specific transcript, which is antisense to
the pRNA and another transcript from cdc27 pseudogene present in different cell types and a
small poly(A)- transcript specific to embryonic cells. The integration of phylogenetic
footprinting and IGS chromatin profiling revealed enrichment of active histone
modifications and transcription factors in the IGS conserved regions demonstrating that these
regions potential act as transcription regulators. Three conserved potential origin of
replication sites in the IGS were also identified. Further evidence of Pol II and Pol III
association with the human IGS were provided that strongly demonstrate that aside of Pol I
other two RNA polymerase machineries potentially transcribe the human IGS. Overall, this
work provides an extensive dataset of potential functional conserved regions in the human

IGS, and evidence for different functions associated with them.

The rDNA flanking regions thought to have role in the nucleolus formation/fusion. However,
the genomic characteristic of the regions is unknown as they are missing from the current
human genome assembly. Therefore, 1 characterized the rDNA flanking regions the distal
rDNA flanking region (telomere side) and the proximal rDNA flanking region (centromere

side) using the sequences of the regions that were identified by our collaborators. The



sequences of the flanking regions are highly conserved among the acrocentric chromosomes
suggesting that they frequently exchange sequences. The proximal region similar to the
pericentromeric regions is highly segmentally duplicated. On the other side, the distal region
is merely segmentally duplicated but has two unique features a large inverted repeat region
(~227 kb) and a long stretch of CER satellite repeats, potential binding site of a protein of
unknown function. These parts of the genome are thought to be heterochromatic, however 1
employed a gene prediction pipeline that provide evidence for coding potential in both the
flanking regions. Finally, it has been reported that the proximal junction point may be
variable therefore, I designed a novel bioinformatics mapping technique, which suggests
there are at least two distinct proximal junction points. Overall, this work demonstrates that
the rDNA flanking regions are not merely heterochromatic wastelands but instead are highly

complex and have its own genomic characteristics.

Taken together, the results from my work provide a platform for a more comprehensive
characterization of the functional elements in the IGS and the rDNA flanking regions. This
will lead to a better understanding of the biological processes that are related to NORs and
will ultimately help to explore the mechanisms that underlie these processes, which are still

far from being completely understood.
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1.1. Nucleolar organizer region

The nucleolar organizer region (NOR) is the chromosomal location in eukaryotes around
which the nucleolus is formed. The nucleolus is a sub-nuclear, non-membranous structure
which is defined by a heterochromatic shell (Mosgoeller 2004). It is the site of ribosome
biogenesis and therefore essential for the cell survival. In the late 18" century Fontana
described an oval shaped body in eel saliva cells (adapted from Mosgoeller 2004) that was
later (in 1836) termed the nucleolus by Gabriel Gustav (as cited in Mosgoeller 2004). Emil
Heitz was the first to report the chromosomal context of the nucleolus using Zea mays (as
cited in Mosgoeller 2004). His work was further elaborated on by Barbara McClintock and
she termed the genomic region around which the nucleolus is formed as the “nucleolar
organizer” (McClintock 1934), which was later modified to “nucleolar organizer region”.
Although the location of the nucleolar organizer region was demarcated on the genome, the
underlying sequence and function was still not known. In late 1950s densely stained particles
were observed in the nucleoli that were speculated to be ribosomes (as cited in Birnstiel and
Hyde 1963). In the early 1960s Edstrom et al. (1960) and Birnsticl et al. (1963)
demonstrated that the nucleolar RNA composition is similar to that of cytoplasmic RNA, and
differs to that of the nucleus. The discovery that the sizes of the RNA molecules in the
nucleolus are the same as cytoplasmic RNA lead to the idea that ribosomes are stored in the
nucleolus in addition to their known abundant presence in the cytoplasm (Birnstiel et al.
1963). However, it was not clear if ribosomes are synthesized in the nucleolus or are just
stored there (McConkey and Hopkins 1964). Ritossa and Spiegelman (1965) had first
reported that multiple copies of the ribosomal DNA (rDNA) units were arranged in clusters
in the nucleolus of Drosophila melanogaster using an RNA-DNA hybridization technique,
thus demonstrating that the NOR contains rDNA. This finding also established that
ribosomes are not stored but are synthesized in the nucleolus. The presence of rDNA in the
nucleoli of other organisms (Phillips et al. 1971) verified that the rDNA is a universal
building block of the NORs.

The primary function of the nucleolus is ribosome biogenesis, which involves transcription
of TDNA to produce pre-ribosomal RNA (pre-TRNA) therefore the general interpretation has
been that NORs only consist of TDNA arrays. However, there is direct and indirect evidence
that not only the rDNA arrays but also the regions surrounding them are part of the
nucleolus. In human, NORs are present on the short arm of five acrocentric chromosomes.
Quantification of the number of human acrocentric chromosome short arms in the nucleolus

shows that other regions of these arms are also part of the nucleolus, in addition to the rDNA



arrays (Kalmarova et al. 2007). In human, satellite III repeats and Kpnl elements (a LINE
element with a Kpnl restriction site) present on the short arm of acrocentric chr 15 and chr
21, respectively, were found to be associated with the nucleolus but are not part of the rDNA
unit (Kaplan et al. 1993). Additional evidence for rDNA flanking regions being involved in
the nucleolus comes from genetic variants of Saccharomyces cerevisiae (yeast) and Zea
mays (maize) where the tDNA arrays were translocated to other chromosomal locations
(McClintock 1934; Oakes et al. 1998; Oakes et al. 2006). In both organisms, in addition to a
nucleolus at the new rDNA location, a small, diffuse nucleolus is formed around the original
rDNA array position (McClintock 1934; Oakes et al. 1998; Oakes et al. 2006), suggesting
that the flanking regions play some role in nucleolar formation. Further, the centromeres of
the acrocentric chromosomes are found to be colocalized with nucleoli that were isolated by
nucleolar purification in human (Stahl et al. 1976). Together these studies suggest that the
term NOR should be redefined as “the region around which the nucleolus is formed
that consists of two components: a tandem array of rDNA units; and the regions
surrounding this array (the flanking regions)” (Figure 1.1). I will be using this as the
definition of NORs throughout this thesis.

Acrocentric chromosome
]

Centromere
g-arm (long arm) / \ p-arm (short arm)

— .

/ E Telomere
Telomere
m 1

Proximal region rDNA Array Distal region

T
Nucleolar organizer region

Figure 1.1: Schematic diagram of a human nucleolar organizer region (NOR) in
an acrocentric chromosome.

The NOR is consists of an rDNA array (tandem black-white boxes) and the region
surrounding it ie. the rDNA flanking regions. The proximal flanking region
(orange box) is towards the centromeric end and the distal region (green box) is
towards the telomeric end of the rDNA array.

The ribosomal DNA: The rDNA is a multi-copy gene that encodes ribosomal RNA (rRNA),
the core RNA component of the ribosome. In almost all eukaryotes characterised to date, a
number of rDNA units are clustered to form tandem arrays that are arranged in a head-to-tail
manner. However, in human a fraction of rDNA units have been reported to be arranged as
inverted repeats (Caburet et al. 2005). The rDNA arrays are distributed on one or more

chromosomes depending on the species. In primates, the number of NORs and rDNA copy



number vary depending on the individual (Table 1.1). A single rDNA unit consists of an

rRNA precursor coding region and an intergenic spacer (Figure 1.2).

Table 1.1: Chromosome number and Copy number of rDNA in different
primate species.

Estimated rDNA

. NOR bearin .
Organism OR bearing copy number in a Reference
chromosomes O
diploid genome

Colobus polykomos Marker Chromosome 68 (Henderson et al. 1977)
(colobus monkey)
Tupaia glis (tree 27,28,29.30 739 (Henderson et al. 1977)
shrew)
Lemur fuluvis (lemur) | group 20-30? 230 (Henderson et al. 1977)
Pithecia pithecia 21,2223 546 (Henderson et al. 1977)
(saki)
saguinus nigricollis | 4 17 1¢ 19 59 744 (Henderson et al. 1977)
(marmoset)
Ate.les geoffroyi Marker Chromosome Not determined (Henderson et al. 1977)
(spider monkey)
Macaca mulatta 20 140 (Henderson et al. 1974b)
(rhesus monkey)
Symphalangug Single acrocentric .
syndactylus (siamang chromosome Not determined (Henderson et al. 1976)
gibbon)
Hylobates lar
(gibbon) 15 180 (Warburton et al. 1975)
Pongo pygmaeus
albei (Sumatran 1213’12’13’14’15’16’17’22 422 (Henderson et al. 1979)
orangutan) ’
Gorilla gorilla
beringei (mountain 22,23 270 (Henderson et al. 1976)
gorilla)
GO“.”a gorilla gorilla 22,23 Not determined (Tantravahi et al. 1976)
(gorilla)
Pan paniscus (pygmy | |4 |5 1723 414-488 (Henderson et al. 1976)
chimpanzee)
Pan troglodytes (Henderson et al. 1974a;
(chimpanzee) 14,15,17,22,23 488 Tantravahi et al. 1976)

(Henderson et al. 1972;
Homo sapiens 13.14,1521.22 320-460 Schmickel 1973; Tantravahi

(human) et al. 1976; Krystal and

Arnheim 1978)

aChromosomes were too small to identify.
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Figure 1.2: A eukaryotic rDNA unit.

A single rDNA unit consists of a precursor rRNA coding region (grey line) and an
intergenic spacer (green line). The IGS harbours several functional elements
(shown on the green line) and transcribes several functional noncoding RNAs
(wiggly lines) that are described in detail in Section 1.4.3. The IGS functional
elements i.e. rDNA promoter (shaded box with black outline) and terminators
(vertical red lines), spacer promoter(shaded box with blue border) and
terminator(vertical red line) , enhancer (vertical green lines), replication fork
barrier (blue triangles), origin of replication (ARS/ori; blue bubble), protein
binding sites (pink [p53] and orange[c-Myc] boxes), E-pro (vertical lines with both
directions) shown in the diagram are a composite from different organisms.

The coding region consists of regions encoding the 18S, 5.8S and 25-28S rRNA species, and
these are transcribed together to form a single pre-rRNA transcript. The coding region is
transcribed by RNA polymerase I (Pol I), and the pre-rRNA transcript is post
transcriptionally spliced and modified to form mature 18S, 5.8S and ~28S rRNA. The size of
coding region varies from ~8 kb in yeast to ~13 kb in human (Table 1.2). The intergenic
spacer (IGS) or ribosomal spacer is the region between coding regions of two adjacent IDNA
units. The size of the IGS differs widely between species, ranging from ~2.5 kb in yeast to
~30 kb in human (Table 1.2). The IGS harbours several functional elements that include
rRNA transcriptional regulators (a promoter and terminator), together with gene independent
noncoding functional elements (NOCs), such as an origin of replication, a replication fork
barrier, a transcription enhancer, and a bidirectional noncoding promoter (Figure 1.2).

Several regulatory long noncoding RNAs are also transcribed from the IGS (Figure 1.2).

Although multiple copies of the rDNA are present in the genome, not all of them are
transcriptionally active (Conconi et al. 1989; Lucchini and Sogo 1992; Dammann et al.
1995). The rDNA units can be divided into active and silent units depending on their
transcriptional status (Hamperl et al. 2013). The silent rDNA units can be further divided
into two types: units that are poised to be transcribed but are not actually transcribed and

fully epigenetically silent copies. Moreover, not all the rDNA arrays take part in



transcription, with some entire arrays containing only silent rDNA units (Roussel 1996;
McStay and Grummt 2008). The number of active rDNA units is not constant in a cell and

can change depending on its ribosome requirement.

The rDNA flanking regions: I have defined NORs as including the region flanking the
rDNA. However, in most species (including human) the flanking regions are poorly
characterized. The flanking region on the telomere side of the rDNA array is called the distal
flanking region, while the region on the centromere side is called the proximal flanking

region (Figure 1.1).

Table 1.2: Length of the rDNA coding region and intergenic spacer in different
organism.

Approximate length Approximate length
Organism ppro - 1eng of intergenic spacer Reference
of coding region (kb) (kb)
Saccharomyces 2 25 (Georgiev et al.
cerevisiae (yeast) ' 1981)
Drosophila
melanogaster (fruit 8 4.1t05.1 (Tautz et al.
1988)
fly)
Xenopus laevis a (Boseley et al.
(African clawed frog) 8 34ors.7 1979)
Mus musculus 135 31 (Grozdanov et
(mouse) ' al. 2003)
Homo sapiens (Gonzalez and
(human) 13 kb 30kb Sylvester 1995)

* intra-individual spacer length variation

1.2. Status of the NOR in human genome assembly

Despite the much publicized fact that the sequence of almost the entire human genome is
known (99.9%), several large gaps (~240 Mb) are present in the assembled genome sequence
(Eichler et al. 2004). One of the major gaps is the absence of the sequences from the short
arms of the five acrocentric chromosomes (Lander et al. 2001; Eichler et al. 2004).
Consequently, the NORs are also absent from the current human genome assembly. It was
thought that the short arms of the acrocentric chromosomes are mainly heterochromatic,
highly duplicated, and devoid of genes (Lander et al. 2001; Venter et al. 2001), and the only

assigned function they currently have is ribosome biogenesis. Since the focus of the human




genome sequencing effort was on identifying the euchromatic gene rich regions, there has
not been a concerted attempt to complete the short arms of acrocentric chromosomes
(Eichler et al. 2004). In later chromosome-specific projects, the focus remained on closing
the gaps in the draft assembly that are in gene rich euchromatic regions. Since the long arms
of the acrocentric chromosomes were thought to contain all the genes, the short arms
remained unattended in these projects as well (Dunham et al. 1999; Hattori et al. 2000;
Heilig et al. 2003; Dunham et al. 2004; Zody et al. 2006). The current knowledge of human
NOR sequence is based on the sequence of a complete rDNA unit and small fragments of
sequences from the rDNA flanking regions. The sequences of the flanking region away from
the junction positions are still not known. Similar to human, the assemblies for other
primates also do not include the NORs (Carbone et al. 2006; Gibbs et al. 2007; Scally et al.
2012). Further, the complete rDNA sequence for other primate is not known. In the absence
of sequences for the rDNA and flanking regions, the nucleolar organizer regions from human

and primates remain uncharacterized.

1.3. rDNA homogeneity in the primates

The multiple copies of the rDNA units are almost identical to each other in an individual.
This phenomenon of homogeneity of the rDNA units is known as concerted evolution and is
the result of a process called homogenization occurring in the rDNA (Elder and Turner
1995). In human and other apes, the rDNA arrays are distributed among acrocentric
chromosomes (Arnheim et al. 1980). The rDNA units in different chromosomes are almost
identical to each other, demonstrating that the rDNA arrays are also not evolving
independently but in concerted way. Studies targeting the restriction site polymorphisms in
the rDNA have shown that these rDNA variants are not restricted to a single rDNA array but
are distributed among the acrocentric chromosomes (Krystal et al. 1981). The presence of
the same variant in multiple rDNA copies that are distributed on different acrocentric
chromosomes suggests that recombination between nonhomologous chromosomes in the
rDNA array regions must be occurring. However, the majority of the rDNA units in a cell
contain the same restriction mapping profile, further supporting the idea that the rDNA units
are almost identical across the short arms of the acrocentric chromosomes (Arnheim et al.

1980; Krystal et al. 1981).



1.4. Human ribosomal DNA

In a human diploid genome, approximately 400-600 copies of the rDNA repeat unit are
present (Tantravahi et al. 1976; Stults et al. 2008). The rDNA units are distributed as tandem
arrays on the short arms of the five acrocentric chromosomes (chromosomes with arms of
unequal length) i.e. chr 13, chr 14, chr 15, chr 21 and chr 22 (Henderson et al. 1972). In a
single array the number of rDNA units varies from 2 to >140 (Stults et al. 2008). The
sequences of all the rDNA units are almost identical to each other (Krystal et al. 1981). As in
other species, the rDNA is transcribed in human by Pol I, and this generates a 47S pre-rRNA
transcript that is post-transcriptionally processed to generate the mature 18S, 5.8S, and 28S
rRNA species. Pol I is recruited to the promoter by a pre-initiation complex (PIC) (Budde
and Grummt 1999). The PIC in human consists of two factors: an upstream binding factor
(UBF) and a promoter selective factor (SL1). SL1 itself consists of a TATA-binding protein
(TBP) and four TBP-Associated Factors: TAF41, TAF48, TAF,63 and TAF;110 (Gorski et
al. 2007). UBF first binds to the promoter to facilitate the binding of SLI1. SL1 in turn

recruits Pol I to the promoter to initiate transcription.

A single rDNA unit is ~43 kb in length and is divided into a ~13 kb 47S pre-rRNA coding
region (referred as the coding region from here onwards) and a 30 kb IGS (Figure 1.3).

According to convention, position 1 of the human rDNA is the start of the coding region.
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Figure 1.3: A complete human rDNA repeat unit.

Each human rDNA unit has a 13,357 bp coding region (blue line) and a 30,615 bp IGS (green line).The coding region encodes
contains several repeat elements including Alus (monomers as orange and green boxes), microsatellites (yellow boxes), LIN
complexity regions (purple boxes). The names of repeats element are indicated next to them. The IGS also has three other seq:
boxes), butterfly repeats (crisscross boxes) and long repeats (checked boxes). It also has a cdc27 pseudogene (dashed box).
represented as serrate margins. The elements above the rDNA are on the forward strand and elements below the rDNA are on
nomenclature is based on the sequence of the forward strand and for clarity of the figure, microsatellites are placed on the rDN



1.4.1. Human 47S pre-rRNA coding region

The coding region consists of 18S, 5.8S and 28S rRNA encoding sequences that are
separated from each other by internal transcribed spacer regions (ITS-1 and ITS-2) and are
flanked by external transcribed spacer regions (5’-ETS and 3'-ETS) (Figure 1.3). The 18S
and 5.8S rDNA sequences are highly conserved among vertebrates, and beyond vertebrates
some regions are comparatively more conserved than others (Hillis and Dixon 1991). The
28S rDNA is composed of conserved regions that are interrupted by variable regions (also
called divergent, D-domains or expansion segments) (Clark et al. 1984; Hassouna et al.
1984; Gonzalez et al. 1985). The conserved regions are highly conserved among the
vertebrates, but the variable regions show length polymorphisms (Gorski et al. 1987). These
variable regions even show sequence polymorphism between different human cell types

(Leffers and Andersen 1993).

1.4.2. Human rDNA IGS

Adjacent rDNA coding regions are separated by an IGS. Like the rest of the human genome,
the IGS also contains a number of repeat elements, such that 43.4% of the IGS is repetitive.
The most abundant repeat element in the IGS are Alu elements that alone make up 13.3% of
the IGS (Gonzalez and Sylvester 1995). Alu are from a class of retrotransposons known as
SINE elements and are specific to primates. They are named because of the presence of an
Alul restriction site. A typical Alu element is about 280 bp in length and has a dimeric
structure. Each monomer is made of a derivative of an ancestral 7SL RNA gene. The Alu
element monomers are diverged from each other and are connected by a poly-A linker
(Deininger 2011). Alu elements also have a 3’ poly-A tail of variable length. The IGS
contains both complete (dimeric) and fragmented Alu elements (Figure 1.3). The fragmented
Alu elements are mostly present near the rRNA terminator end of the IGS while complete
Alus are dispersed throughout the IGS (Figure 1.3). Studies based on sequence hybridization
have shown that several Alus in the human IGS are conserved across the IGS of apes and old
world monkeys (Gonzalez et al. 1989; Gonzalez et al. 1993). In addition to Alu elements,
other retrotransposon elements i.e. long interspersed elements (LINEs), and long terminal
repeats (LTR) together with microsatellites (3-6 bp monomers that are tandemly repeated
several times) (Figure 1.3) are also present in the human IGS. The LINE and LTRs elements
present in the IGS are fragmented and together make up ~5% of the IGS. The human IGS
also contains a 2,332 bp cdc27 pseudogene (Figure 1.3) that is conserved among the IGS of
apes but is not found in old world monkeys (Gonzalez et al. 1989). Finally the IGS also has

three other sequence elements viz. an R-repeat, a long repeat and a butterfly repeat (Figure
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1.3), all of which were described by Gonzalez et al. (Gonzalez and Sylvester 1995). Two to
three copies of the R-repeat are present in the human IGS. Each repeat is divided into a
highly conserved ~400 bp GC rich block and a variable 150-322 bp TC rich block. They are
present downstream of the coding region, at the start of the IGS. Two copies of the long
repeats are present in the IGS. They are consist of different repeat elements i.e. a LTR
element, two Alu elements and different microsatellites, and are present further into the IGS
than the R-repeats. Butterfly repeats are 320 bp repeat element that are named because of the
pattern with which they appear in Sanger sequencing gels. They are present in the same

region of the IGS as the long repeats.
1.4.3. Functional elements in the human 1GS

It is thought that the human IGS contains a number of functional elements, and these include
transcription regulators (promoter and terminators) together with gene independent
functional elements (NOCs), such as an origin of replication, a replication fork barrier site,
noncoding transcripts and putative protein binding sites (Learned 1983; Learned et al. 1986;
Safrany et al. 1989; Sylvester et al. 1989; Kern et al. 1991; Little et al. 1993; Yoon et al.
1995; Gencheva and Russev 1996; Grandori et al. 2005). Compared to other model systems,
namely yeast and Xenopus, in which the IGS functional elements have been well
characterized, far less is known about these functional elements in the human IGS. In the
following subsections, the functional elements thought to be present in the human IGS are

described and are compared with yeast, Xenopus and mouse (Figure 1.4).
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Figure 1.4: Functional elements in the IGS of yeast, Xenopus, mouse, and
human.

A) Tandem arrangement of two rDNA units. An rDNA unit has a precursor rRNA
coding region (grey line) and intergenic spacer (green line). The coding region
encodes 18S, 5.85 and 28S rRNA (grey box), and these coding units are separated
by internal spacer regions (ITS-1 and 2). B) The rDNA units of yeast, Xenopus,
mouse and human. The known functional elements in the IGS viz. promoter (Pr),
spacer promoter (Prsy), terminator(Ty), transcription enhancer, replication fork
block site (RFB), origin of replication (ori/ARS), noncoding RNAs (wiggly arrows),
protein binding sites (red and orange boxes), and the 5S rRNA gene (blue box) are
shown around the IGS of each species. The sizes of the coding region and the IGS
are shown above them. The name and rDNA copy number of each species are
indicated to the left of each rDNA unit (adapted from Hamperl et al. 2013).
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1.4.3.1. Transcription regulators

The IGS contains the promoter for TDNA transcription upstream of the coding region. In
human, this promoter is made up of two domains: a ~45 bp core promoter element (CPE)
that includes the transcription start site; and an upstream promoter element (UPE) also
known as the upstream control element (UCE) (Haltiner et al. 1986). The CPE is sufficient
for in vitro transcription while both domains are required in vivo. In human, the position of
CPE is -45 to +18 while the UCE is located -156 to -107 (+1 is the initiation start site)
(Learned 1983; Haltiner et al. 1986). These two elements are functionally nonequivalent.
The CPE is essential for transcription and most mutations in it cause a decrease in
transcription. The UPE includes a 21-bp stretch of DNA that is highly conserved between
human, mouse, and rat. It plays an important role in modulating the efficiency of
transcription but is not required for transcription in vitro from the human ribosomal promoter
(Haltiner et al. 1986). Thus, the CPE differs from the UPE in its qualitative as well as its
quantitative effects on transcription, since it determines the transcription start site. The
position of the promoter and presence of a CPE and a UPE is conserved from yeast to human
(Moss et al. 2007). The IGS in both mouse and Xenopus have a spacer promoter in addition
to the rDNA promoter. In mouse, the spacer promoter is associated with transcription of a
noncoding RNA known as the promoter RNA (pRNA). The pRNA is described in detail in
section 1.4.3.6.

The human IGS contains an RNA Pol I terminator that consists of a 10-bp conserved
sequence motif flanked with pyrimidine rich sequences (Bartsch et al. 1987; Pfleiderer et al.
1990). The terminator is also termed the “Sal box” due to the presence of an internal Sall
restriction site. Multiple copies of this terminator are arranged in a cluster downstream from
the 28S rDNA (T,.T;;) and one terminator is present proximal to the promoter (T).
Termination occurs in human 360 bp downstream from the 3’ end of the 28S rDNA. Most
transcribing Pol I molecules terminate at the first terminator, however the remaining
terminators can serve to terminate polymerases that have managed to read through previous
terminators. Similar to the human IGS, mouse IGS also has multiple terminators downstream
of the rDNA coding region and a terminator upstream next to the promoter region (Németh
et al. 2012). In mouse, the IGS also has a terminator that is known as the spacer terminator
(Tsp) (Grummt et al. 1986). This is independent of rDNA transcription and terminates the
transcription of the pRNA. In human, an uncharacterized spacer terminator 646 bp upstream

of the transcription initiation site has also been reported (Németh et al. 2012).
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1.4.3.2. Origin of replication

The presence of an origin of replication in the human rDNA is still not well established. The
rDNA array covers a long stretch of the chromosomes (up to ~5 Mb) and therefore for
faithful replication it is assumed that an origin of replication within the rDNA array is
necessary. Supporting this conjecture, the inter origin distance in human is ~40 kb (Guilbaud
et al. 2011), and since the rDNA array varies from ~80 kb to ~5 Mb, presence of an origin of
replication inside the rDNA array would be necessary to maintain this level of origin
spacing. Further, the rDNA units of both yeast and mouse have been found to contain an
origin of replication in the IGS (Gogel et al. 1996; Muller et al. 2000). Unlike yeast, where
the origin of replication [also known as the autonomously replicating sequence (ARS)] has a
13 bp consensus sequence, the origins of replication in mammals are not thought to be
sequence specific (Muller et al. 2000) and therefore it is difficult to demarcate their positions
accurately. Studies have reported various positions for the human IGS origin of replication
using several different techniques (including DNA fibre analysis, and 2D gel
electrophoresis). Specifically, Lebofsky & Bensimon (2005) have reported there is no
preferential site and that replication can initiate anywhere in the rDNA. Little et al. (1993)
concluded that there is no specific site that acts as an origin of replication, but that
replication can start anywhere within the IGS. Gencheva et al. (1996) reported that two
origins of replication are located in the IGS, one near the promoter region and the second
next to the terminators. Coffman et al. (2006) have reported a preferential (at position around
37,371-37,728) and two additional origins of replication (at positions around 35,398-35,572
and 39,122-39,445) in the human IGS. Finally, Dimitrova (2011) has recently shown that the
position of origin of replication depends on the cell cycle phase: in early S-phase replication
can start at any position of the rDNA, while in the late S-phase it starts in the IGS at different
locations. In mouse the origin of replication has been reported to be located upstream of the
coding region, next to the promoter (Gogel et al. 1996), while in yeast a single origin is
found near to the 5S rRNA gene in the IGS (Muller et al. 2000). Contrary to yeast and
mouse, no fixed position has been reported for the origin of replication in Xenopus (Hyrien
and Mechali 1993). In the Xenopus embryo replication reported to start randomly in the IGS
(Hyrien and Mechali 1993)

1.4.3.3. Replication fork barrier (RFB) site

The RFB is a sequence in the IGS that arrests the movement of replication fork in the
direction opposite to that of rDNA transcription to prevent the collision of the replication and
Pol I transcription machineries. In human, the RFB site in the rDNA is thought to coincide

with the terminators and is bipolar i.e. stops the replication fork in both directions (Little et
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al. 1993). Although the RFB site in human is bipolar it stops the replication fork moving in
the direction opposite to transcription more efficiently than the fork moving in the same
direction (Little et al. 1993). Similar to human the RFB in mouse coincides with the
terminator (Lopez-Estrafio et al. 1998), while in yeast and Xenopus the RFB is close to but
independent of the terminator (Brewer et al. 1992; Wiesendanger et al. 1994). The IGS
RFBs in mouse, Xenopus and yeast are all polar, unlike in human (Brewer et al. 1992;
Wiesendanger et al. 1994; Lopez-Estraio et al. 1998).

1.4.3.4. rDNA transcription enhancer

A region in the IGS has been reported to function as an enhancer in several species, although
its presence is still to be established in human. In yeast, a 190 bp region 2 kb upstream of the
transcription initiation site was reported to be an enhancer (Elion and Warner 1984), but later
it was found that deletion of entire enhancer region does not affect growth or rRNA synthesis
(Wai et al. 2001). In Xenopus, 6-12 copies of a 60/81 bp element (the 81 bp element is the
same as the 60 bp element, but with an additional 21 bp added on) present between the two
copies of the rDNA promoter act as enhancer (Pape et al. 1989). This 60/81 bp block
enhances the rDNA transcription. These contradictory results for yeast and Xenopus provide

no firm support either way for whether there is an enhancer in the human IGS.

1.4.3.5. Putative protein binding sites

The human IGS has binding sites for proteins that have roles in rDNA transcriptional
regulation. The oncogene protein c-Myc is a transcription binding factor that plays roles in a
variety of physiological processes including cellular growth, proliferation, loss of
differentiation, and cell death (Dang 1999; Grandori et al. 2000). c-Myc is upregulated in
many cancerous cells and promotes cell proliferation (Lutz et al. 2002). In the rDNA, ¢-Myc¢
binds next to the TDNA promoter where it facilitates the binding of Pol I to the TDNA
promoter (Grandori et al. 2005). Increased c-Myc binding to the rDNA is correlated with

increased rDNA transcription.

Another important protein factor that has been associated with the rDNA is p53. p53 is
tumour suppressor protein and plays roles in genome stability by promoting DNA repair and
apoptosis (Oren 2003). It has a highly sequence specific binding site, and a putative p53
binding site has been found in the IGS (Kern et al. 1991).
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1.4.3.6. Noncoding transcripts from the IGS

Several noncoding RNAs that act both as rDNA regulators and as NOCs have been reported
to be transcribed from the IGS in mammals (Jacob et al. 2012). In human and mouse a
transcript that is post-transcriptionally modified to form a 150 bp noncoding RNA known as
the pRNA is transcribed from a region 2 kb upstream of the rDNA transcription start site
(Mayer et al. 2006; Mayer et al. 2008). The pRNA plays an important role in rDNA
silencing by facilitating the binding of a complex called the nucleolar remodelling complex
(NoRC) near to the rDNA promoter (Santoro and Grummt 2001; Mayer et al. 2008). NoRC
induces transcriptional silencing of rDNA wunits by promoting the association of
heterochromatin histone modifications on the rDNA (Mayer et al. 2008). In addition, a
noncoding RNA antisense to the entire human rDNA 48S rRNA coding region has been also
reported to down-regulate rDNA transcription (Bierhoff et al. 2010). This transcript
antisense to the coding region is reported to increase the heterochromatic histone
modification H4K20me3 at the promoter region and therefore decrease the rDNA
transcription (Bierhoff et al. 2010). Noncoding RNA from the IGS has also been shown to
play a role in the sequestration of proteins in the nucleolus that has a specific amino acid

motif known as nucleolar detention sequence (Audas et al. 2012).

Recently it has been shown that the human IGS produces a ~400 bp transcript known as
IGS;sRNA from position ~28 kb of the rDNA during acidosis together with anaerobic
condition. Anaerobic is marked by reduction in energy supply and therefore can be
deleterious for cell. However, cells have pH sensitive mechanism that reduces the rDNA
transcription and therefore the energy requirement of cell (Mekhail et al. 2004; Mekhail et
al. 2006). IGS,s RNA immobilizes VHL, a tumour suppressor protein that is over expressed
during acidosis in anaerobic conditions (Audas et al. 2012). VHL is thought to play role in
the reduction rRNA transcription and therefore reduces the energy requirement of the cell
(Mekhail et al. 2004; Mekhail et al. 2006). The IGS also produces additional noncoding
RNAs, IGS;(RNA and IGS,,RNA, in response to heat shock (Audas et al. 2012). These
transcripts bind to another nucleolar protein, Hsp70 (Audas et al. 2012), a heat shock protein
that prevents aggregation of pre-existing proteins and facilitates folding of newly synthesised
peptides (Mayer and Bukau 2005). During heat shock condition, a translocation of the Hsp70
to nucleolus has been observed. It has been thought that Hsp70 may have a role in protecting

nucleolar protein (Pelham 1984; Welch and Feramisco 1984; Welch and Suhan 1986).
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1.5. The chromatin state of the rDNA in human

The chromatin markers associated with the rDNA units are thought to govern the
accessibility of the rDNA to transcription regulatory factors and therefore are thought to play
a major role in defining whether the rDNA units are active or inactive (McStay and Grummt
2008). Active rDNA units have been shown to be associated with the histone modifications
H3K4me3, H2A.Z and H3K27ac (Grummt 2007; McStay and Grummt 2008) that are
enriched in the actively transcribed regions of the genome (Barski et al. 2007). In contrast,
the inactive rDNA units are associated with the repressive histone modifications H3K27me3
and H4K20me3 (Grummt 2007; McStay and Grummt 2008). The histone modifications are
interchangeable depending on the cellular conditions and demand for rRNA in the cell
(Tanaka et al. 2010). A variety of transcription factors also modulates the activity of the
rDNA, and these include UBF and the CCCTC-binding factor (CTCF) (van de Nobelen et al.
2010; Hernandez-Hernandez et al. 2012). UBF is essential for the recruitment of Pol I
machinery to the rtDNA promoter, hence is a key player in rDNA transcription (Grummt
1999). CTCF, a zinc finger protein, acts as an epigenetic regulator in the rDNA. Initially,
CTCF was reported to act as an insulator in the rDNA that binds near to the rDNA promoter
and inhibits rDNA transcription (Torrano et al. 2006). However, a recent study has shown
that CTCF promotes rDNA transcription by recruiting H2.AZ and H3K4me2 to the tDNA
(van de Nobelen et al. 2010). Thus, it may function as an insulator or a promoter depending
on the conditions. Similar to the rest of the human genome, there are a number of different
histone modifications and transcription factors that combine to have an integrated effect on

the transcriptional state of the rDNA.

1.6. Human rDNA array flanking regions

In human, much less is known about the regions flanking the rDNA than is known about the
rDNA, for which a number of characterizations have been performed and a complete
sequence has been reported. The human rDNA flanking regions consist of a distal and a
proximal flanking region on each acrocentric chromosome (Figure 1.1). The distal junction
position was first identified by Worton et al. (1988) using restriction mapping of an X-
derived translocation chromosome that has 3-5 rDNA units and the distal end of the short
arm of chr 21 on the chr X. The restriction mapping results shows that the junction is
approximately 3.7 kb upstream of the transcription initiation site. The remaining acrocentric

chromosomes have the same restriction map for the distal region, suggesting that the
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junction point and the distal flanking regions are conserved among these chromosome arms.
Sylvester et al. (1989) obtained a ~4.5 kb sequence of a clone that has ~2 kb of the distal
region and remaining rDNA sequence. The sequence shows that the position of the distal
junction point is at position 39,029 in the IGS. This junction is 3,970 bp upstream of the
transcription initiation site, similar to the distal-TDNA junction position found by Worton et
al (1988). Later Gonzalez and Sylvester (1997) sequenced a clone that was previously
identified to be from the distal flanking region to obtain ~8.3 kb of the distal region
sequence. This sequence consists of a variety of sequence elements, including Alu elements,
rRNA pseudogene fragments, ESTs and CpG rich regions (Figure 1.5). A 390 bp fragment
from the distal flanking region sequence was amplifiable from all five acrocentric
chromosomes, further demonstrating the conservation of the distal flanking region between

all the acrocentric chromosomes (Gonzalez and Sylvester 2001).

Distal junction
at postion 39,029
inthe IGS

Coding region
—
1GS Iwes WIGS w285 285
O Cw—— A A A A
L 1 L
A rDNA unit The distal flanking region

Figure 1.5: Schematic diagram showing the distal rDNA junction position.

The distal junction position in the IGS of the rDNA unit next to the junction is
represented as vertical line. The distal flanking region (green line) is consists of
sequence element that includes rDNA pseudogenes (yIGS and y28S), ETSs (blue
boxes), Alu elements (orange boxes) and CpG rich region (brown box). The rDNA
unit next to the junction and the rDNA unit next to it are shown. Figure not to
scale.

The other side of the rDNA array i.e. the proximal flanking region has been characterized by
Sakai et al. (1995). They identified a cosmid that has the proximal junction point by
screening a chr 21 specific cosmid library using probes from the distal region and rDNA.
The rDNA positive clones that are negative to the distal region probe were subjected to
EcoRYV restriction digestion (rDNA does not have ECORV restriction site) followed by
restriction mapping using ECORI and BamHI to identify a clone with the proximal junction
region. The proximal junction position in the clone is at position 6,229 bp in ITS-1 of the
rDNA unit (Figure 1.6). The identified proximal junction position in ITS-1 was shown to be
present in chr 15, chr 21 and chr 22 by using mouse somatic cell hybrids that have only one

human acrocentric chromosome. However, this junction was not amplifiable for chr 13, chr
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14 and for a different hybrid cell for chr 21, suggesting that the proximal junction may be
variable. The proximal region adjoining the rDNA array has a 68 bp unique sequence
followed by tandem repeats of a ~147 bp satellite repeat known as ACRO1 (Figure 1.6). The
ACROIL satellite has been found on the short arm of all five acrocentric chromosomes

together as well as in the pericentromeric region of chr 3 (Sakai et al. 1995).

Proximal junction

The proximal flanking region

Figure 1.6: Schematic diagram showing the proximal rDNA junction position.

The position of the proximal junction point in the rDNA (grey box) is shown as a
vertical arrow. The unique 64 bp region next to the junction is represented as thin
black line next to the arrow and the ACRO 1 satellite array is represented as a
tandem array of solid arrows (adapted from Sakai et al. 1995).

1.7. Role of rDNA in fundamental biological processes

The primary biological function of the rDNA is transcription of rRNA. rRNA contributes
80% of the total cellular RNA (Moss et al. 2007) and is a major building block of the
ribosome. Since ribosomes are the molecular machinery responsible for protein synthesis,
the rDNA is essential for cell survival. The rDNA also play role in cell proliferation and

cellular stress response.

The rDNA and cell proliferation: The demand of protein increases during cellular
proliferation, and this in turn increases the demand for ribosomes (Holland 2004; Dai and Lu
2008; Grzmil and Hemmings 2012). Increase in the utilization of ribosomes increases the
demand for rRNA, which is met by an increased number active of rDNA copies (Drygin et
al. 2010). Since the IGS contains transcriptional regulators, it is possible that these IGS
elements may play roles in enhancing rRNA transcription during cancerous cell

proliferation.

rDNA and the stress response: Protein synthesis and therefore the demand for ribosomes
decreases in response to environment stresses such as nutritional starvation, temperature
stress, and oxidative stress, which consequently decreases the number of active rDNA
copies. The transcription factor JNK2, a common environmental stress response protein,

inactivates the Pol I machinery, resulting in silencing of rDNA units during oxidative stress
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(Mayer et al. 2005). Further, several noncoding RNAs are transcribed from the human IGS
in response to acidosis, anaerobic conditions and heat shock. These are known to facilitate
the localization of the proteins VHL and Hsp70 to the nucleolus. VHL helps to maintain
energy equilibrium during acidosis by reducing rRNA transcription (Mekhail et al. 2006),
while Hsp70 thought to play role in the prediction of nucleolar proteins during heat shock
(Pelham 1984; Welch and Feramisco 1984; Welch and Suhan 1986). Both these proteins
neutralize the deleterious effects related to rDNA transcription during stress conditions and
are thought to prevent apoptosis (Pelham 1984; Welch and Feramisco 1984; Welch and
Suhan 1986; Mekhail et al. 20006).

1.8. Aims of the study

There are two major aims for this PhD thesis.

1) The primary biological function of the rDNA is the transcription of rRNA for ribosome
biogenesis. Besides ribosome biogenesis, the rDNA also plays role in other cellular
processes. The IGS contains functional elements that play roles in the regulation of rDNA-
dependent biological processes in addition to rRNA transcription. Although these elements
are well characterized in yeast, comparatively less is known about them in human, and the
positions of several previously identified functional elements in the human rDNA are not
established. As the length of the IGS in human (~30 kb) is ~10 times greater than that in
yeast (~3 kb), it is likely that the human IGS contains a number of functional elements.
Because of highly repetitive nature of the human IGS, it is challenging to design wet lab
experiments to characterize it. Hence, I decided to employ computational methods to search

for potential functional elements in the IGS. Therefore the first aim of this study is:

Aim 1: To use a bioinformatics approach to identify and characterize the functional elements

present in the intergenic spacer of the human rDNA.

2) The heterochromatic DNA is known to surround nucleoli in human cells. The nature of
the rDNA flanking regions isn’t known but because of their adjoin position to the rDNA
array the general assumption is that these peri-nucleolar regions include the flanking regions,
and therefore they must be heterochromatic. The assumption that the rDNA flanking regions
are heterochromatic has led to the idea that they are non-functional. Therefore, these regions
remain unplaced in the human genome assembly and are largely uncharacterized because of
the focus of the human genome assembly on the euchromatic regions. However, a number of

studies have suggested that the rDNA flanking regions play roles in nucleolar architecture
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and/or function. Supporting this, the distal region forms discrete foci at the boundary of the
nucleoli (Floutsakou et al. 2013). This indicates that the flanking region is not inert and non-
functional but likely to have a biological role. However, it is difficult to establish any role of
the rDNA flanking regions, as properties of the underlying sequence are still unknown.

Therefore the second aim of this study is:

Aim 2: To use bioinformatics approaches to characterize the sequences of the rDNA
flanking regions and to search for elements that may play roles in nucleolar organization and

function.
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Chapter 2

Identification of potential functional
clements in the intergenic spacer of the
human ribosomal DNA
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2.1. Introduction

In a human diploid genome, approximately 400-600 copies of ribosomal DNA (rDNA)
repeat units are present (Henderson et al. 1972; Schmickel 1973; Stults et al. 2008). The
rDNA units are distributed as tandem arrays on the short arm of the five acrocentric
chromosomes (chromosomes with arms of unequal length) i.e. chr 13, chr 14, chr 15, chr 21
and chr 22 (Henderson et al. 1972). In a single array the number of rDNA units varies from 2
to >140 (Stults et al. 2008). Despite the high copy number, only a fraction of the rDNA units
is transcriptionally active. The number of active and inactive rDNA units is not constant and
varies between the tissues of an individual and between the same tissues of different
individuals depending on the physiological conditions. A single rDNA unit is consists of a
~13 kb coding region followed by a ~30 kb intergenic spacer (Gonzalez and Sylvester 1995).
The coding region encodes for the ribosomal RNA that is a key building block of ribosomes.
In addition to ribosome biogenesis, the TDNA also regulates other cellular process that
includes cell proliferation, cellular stress response, genomic stability and aging (Montanaro
et al. 2008; Drygin et al. 2010; Ide et al. 2010; Audas et al. 2012; Saka et al. 2013). In the
model organism, yeast functional elements that regulate these processes are known to be
present in the IGS, which include a transcription promoter, a terminator, replication fork
barrier, origin of replication, E-pro (Elion and Warner 1984; Brewer et al. 1992; Muller et al.
2000; Saka et al. 2013). However, in compare to yeast far less is known about their presence
and position in the human IGS. Therefore, the focus of this study is to identify the potential

functional element in the human IGS.
2.1.1. Strategy to characterized potential functional elements in the IGS

To identify the functional elements in the IGS it is difficult to use molecular techniques like
deletion of the region of interest. The multiple copies and locations of the rDNA units
means, it is not straightforward to make genetic changes in the regions of interest in the
human IGS to determine their function. Furthermore, there is no certainty that the effect of
any changes made in a single rDNA repeat unit will have a detectable effect. The protocols
and molecular techniques required to alter the rDNA units at a global level and observe the
consequent phenotypic changes are only well established in yeast, and are currently
unavailable in human. Thus, it is challenging to characterise functional elements in the
human rDNA using experimental approaches. Therefore, 1 have decided to take a
comparative genomics approach, phylogenetic footprinting, to identify potential functional

elements in the human IGS (Figure 2.1).
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The principle behind phylogenetic footprinting is that mutations in functional elements are
deleterious, therefore changes in the sequences of functional elements are selected against
and change at a slower rate than non-functional sequence in evolutionary time (Tagle et al.
1988). Comparison of the orthologous sequences from related species results in the
functional elements appearing as “phylogenetic footprints™ i.e. highly conserved regions in
the multiple sequence alignment in a background of non-functional, poorly conserved
sequences (Tagle et al. 1988). The success of the phylogenetic footprinting depends on the
evolutionary relatedness of the species selected for comparison. Previous studies have shown
that the inclusion of closely related species along with more distantly related species give the
ability to identify conserved regions with high confidence (McCue et al. 2002; Stone et al.
2005).

Phylogenetic footprinting has been successfully applied to identify known and novel
functional elements in the IGS of Saccharomyces cerevisiae (Ganley et al. 2005). The rDNA
of five species that are related to the Saccharomyces cerevisiae were compared. Functional
elements i.e. a bi-directional promoter E-pro, cohesion association region, replication fork
barrier, and other potential gene independent functional elements (NOCs) correspond to the
identified conserved regions in the IGS. Further, this technique has also been applied to other
regions of the human genome to identify promoters and other gene regulators for variety of
genes (Tagle et al. 1988; Bachman et al. 1996; Berezikov et al. 2005). To identify the
potential functional elements in the human IGS, I searched for the phylogenetic footprints by
comparing the human IGS with different primate IGS sequences. However, there were no
primate tDNA IGS sequences available except for human. Therefore, to perform
phylogenetic footprinting I first needed to obtain the rDNA sequences for the primate species
I selected for this study. The whole genome shotgun sequencing (WGS) data of an organism
contains the nucleotide information of its entire genome. However, current sequencing
technologies can only determine the sequences of relatively small DNA fragments. Thus, to
obtain the nucleotide information of the entire genome the genomic sample is sheared into
small fragments and sequenced, and these sequences reads are merged together to construct
the sequence of the genome. The process of merging the reads is known as de novo whole
genome sequence assembly (WGA). To construct the rDNA sequence of the selected
primates for the human rDNA phylogenetic analysis study, I used publically available whole
genome sequencing data from different primate genome projects to perform WGA. Further,
to verify that the obtained WGA rDNA sequences are not misassembled, I decided to
identify and sequence BAC (bacterial artificial chromosome) clones containing the rDNA. A
BAC is an engineered DNA molecule constructed by inserting a large DNA fragment
(usually 100-200 kb) into a bacterial plasmid. Since BACs can contain large fragments of the
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genome, they are used to construct the whole genome libraries. Children's Hospital Oakland
Research Institute, USA (CHORI) provides BAC genome libraries for the primates in the
form of BAC filters (BAC clones that have been gridded onto membranes). I decided to
screen the filters from CHORI to identify the rDNA-containing BAC clones and then
compare them to the rDNA sequences obtained by WGA.

The IGS are known to be transcribed to produce different regulatory long noncoding RNAs.
Therefore, one potential function of the conserved regions identified using phylogenetic
footprinting can be transcribing RNA transcripts that may have regulatory roles. To identify
the full range of potential transcripts from the IGS, I decided to map RNA-seq data for
different cell types. The data used for analysis was publically available from ENCODE
project and sequencing was performed at Cold Spring Harbour Laboratory (CSHL). To
identify potential IGS transcripts I selected long (>200 bp in length) polyadenylated denoted
as poly(A)+ and long non-polyadenylated denoted as poly(A)- RNA-seq data for the
analysis. Further, to identify potential micro RNA, small nucleolar RNA, tRNA and small
nuclear RNA from the IGS, poly(A)+ RNA-seq data were selected to be mapped to the IGS.
In the ENCODE project RNAs were fractionated according to their location in the cell i.e.
cytosol and nucleus before sequencing (Djebali et al. 2012). The noncoding transcripts from
the IGS are known to be located in the nucleolus (Audas et al. 2012; Jacob et al. 2012).
Moreover, it has been recently shown that the larger fraction of the noncoding and intergenic
RNAs are located in the nucleus compared to the cytosol (Djebali et al. 2012). Therefore, I
decided to search for the transcripts from the IGS using RNA-seq data from the nucleus.

Previous studies have shown that several transcripts originate from the human IGS. This
implies that transcriptional regulators (promoters, enhancers and insulators) of these IGS
transcripts are present in the IGS and these may lie within the conserved regions. The histone
modifications and transcription factors (TFs) associated with a genomic region determines
and regulates its transcriptional activity (Caparros et al. 2009). Therefore, to identify
potential transcription regulators in human IGS, I decided to map ChIP-seq data from
ENCODE project for various histone modifications and TFs. The list of factors [ mapped is
given in Table 2.1 and Table 2.2.
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Table 2.1: List of histone modifications mapped to the human rDNA sequences

Histone Description

Modification

H2A variant 7 Play ro.le in sevgral functlons including Polycomb silencing,
transcription activation and nucleosome assembly.

H3K9%ac Associated with regions that have open chromatin structure (less
nucleosome occupancy)

H3K9mel Associated with regions that have open chromatin structure (less
nucleosome occupancy)

H3K27ac Associated with transcriptional initiation and open chromatin structure.

H3K4mel Enriched at enhancers and downstream of transcription start sites

H3K4me?2 Enriched at enhancers and downstream of transcription start sites

H3K4me3 Enriched at promoters

H3K79me?2 Marks the transcrlptlopal transition region - the region between the initiation
marks and the elongation marks

H4K20mel Associated with active promoters and/or transcribing regions

H3K09me3 Promotes a repressive heterochromatic state

H3K27me3 Promotes a repressive heterochromatic state

Table 2.2: List of transcription factors mapped to the human rDNA sequence

Transcription
factors

Description

Bdpl cofactor of RNA Pol III

Brfl cofactor of RNA Pol II1

Brf2 cofactor of RNA Pol II1

c-Myc Associated with activation of rDNA (Pol I) and Pol II transcribed
genes.

CTCF Zinc finger protein enriched at insulators/promoters

Pol-II POLR 2A subunit of RNA Pol II

Pol-III POLR 3G subunit of RNA Pol III

TBP Associated with all three polymerases ( Pol I, Pol II and Pol III)

UBF Involved in the recruiting Pol I to the TDNA

ZNF143 Transcription activator associated with Pol II and Pol 111
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The ENCODE project provides RNA-seq and ChIP-seq data for 147 different cell types out
of which 18 were given higher priority by the ENCODE project based on the physiological
conditions represented by them (http://www.genome.gov/26524238; Dunham et al. 2012).
These 18 cell types were further divided into two tiers: tier-1 (includes three cell types) and
tier-2 (includes 15 cell types) based on the level of priority in the ENCODE project. As
described previously, the tDNA is thought to play a key role in several processes including
cellular proliferation (Section 1.7). Cancerous cells are well-established examples of rapidly
proliferating cells. Therefore, to identify the transcripts and transcriptional regulators
associated with the rDNA that may play roles in cellular proliferation, I decided to select
both noncancerous and cancerous cell types for comparative ChIP-seq and RNA-seq
analysis. For this study, I have selected all cell types from tier-1 viz. non-cancerous cell types
GM12878 and H1-hESC, and cancerous cell type K562. Since tier-1 contains only one
cancerous cell type, I selected A549 and HeLa-S3 from tier-2 to include other cancerous cell
types. Further, to have equal representation of the cancerous and noncancerous cell types in
the analysis I have included one additional noncancerous cell type, HUVEC, from tier-2 for
noncancerous cell types. The cell types A549, HeLa-S3 and HUVEC were selected over
other 12 cell types in tier-2 because ChlP-seq data were present for most of the epigenetic

factors included in the study. The details of selected cell types are given in Table 2.3

Table 2.3: The cell types included in this study

Cell type Description

GM12878 | Lymphoblastoid

HUVEC Human umbilical vein endothelial cells

HI-hESC Human embryonic stem cells line H1

K562 Leukaemia
HeLa-S3 Cervical carcinoma
A549 Adenocarcinomic alveolar basal epithelial cells
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2.2. Material and methods

2.2.1. Bioinformatics Techniques
The bioinformatics methods used for this project are described below:

2.2.1.1. Comparative analysis of Sanger read assemblers to determine

the efficiency of assembling rDNA repeat unit sequences

2.2.1.1.1. Extraction of potential rDNA reads from Sanger whole genome

sequencing data:

Human whole genome sequencing data (12,146,378 reads) from the J. Craig Venter Institute
(JCVI) sequencing center were obtained from the Ensemble database (currently available
through the NCBI trace archive using the query: SPECIES CODE = "HOMO
SAPIENS"AND CENTER NAME = "JCVI" AND STRATEGY = "WGA"). The reads
obtained were grouped according to their insert size. Eleven different groups representing
insert sizes of 2,250 bp, 9,500 bp, 11,000 bp, 12,000 bp, 12,500 bp, 13,000 bp, 40,000 bp,
42,000 bp, 43,000 bp, 44,000 bp and 45,000 bp were obtained. The paired end reads for each
group were mapped to the human rDNA sequence (GenBank accession no. U13369) using
gsMapper (ver. 2.3) (Roche/454). The following parameters were used for the mapping:
minimum 100 bp read overlap, 95% identity, and 200 expected depth. Expected depth
represents the number of times a nucleotide position is expected to be sequenced in the data
from a sequencing run. Reads mapped to the rDNA together with their mate pair were

extracted from the original data to use as a test dataset for the assemblers.
2.2.1.1.2. Test assemblies

Five Sanger read assemblers viz. gsAssembler (ver. 2.3), Celera Assembler (ver. 6.1), MIRA
(ver. 3.2.1), Phrap (ver. 1.090518) and Arachne (ver. r37405) were tested for the efficiency
of rDNA repeat unit assembly. All assemblers were tested using default parameters. All
assemblies were run on a 64-bit server with six-core Intel Xeon @ 2.67GHz processor and
512 GB RAM. The obtained assemblies were screened for human rDNA containing contigs
using the GenBank human complete rDNA unit accession number U13369, as the query

sequence.
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2.2.1.2. Whole genome assemblies to obtain the primate rDNA

sequences

2.2.1.2.1. Datasets

Whole genome sequencing data for the six other primates viz. chimpanzee (Pan troglodytes),
gorilla (Gorilla gorilla), orangutan (Pongo abelii), gibbon (Nomascus leucogenys), rhesus
macaque (Macaca mulatta) and common marmoset (Callithrix jacchus) were obtained from
the Ensemble database (the details of the data are described in Table 2.4).

Table 2.4: Details of WGS data for the primates

Organism Sequencing | Sequencing Total number of | Number of
Center coverage reads reads used
for assembly
Pan troglodytes BI 3.6X 13,288,075 9,598,997
Gorilla gorilla SC 2.1X 8,171,818 8,099,999
Pongo abelii BCM 6X 11,882,059 11,863,254
Nomascus leucogenys | BCM 6X 12,747,839 8,399,955
Macaca mulatta BCM 6X 7,512,808 7,512,808
Callithrix jacchus BCM 6X 11,416,033 8,626,709
Currently data can be obtained from NCBI using the following queries:
a) SPECIES CODE = "Pan troglodytes " AND STRATEGY = "WGS" AND
CENTER NAME ="BI"
b) SPECIES CODE = "Gorilla gorilla " AND STRATEGY = "WGA" AND
CENTER _NAME ="SC"
c) SPECIES CODE = "Pongo abelii" AND STRATEGY "WGA" AND

CENTER NAME ="BCM"

d) SPECIES CODE = "Nomascus leucogenys" AND STRATEGY = "WGA" AND
CENTER NAME ="BCM"

e) SPECIES CODE = "Macaca mulatta"
CENTER NAME ="BCM"

f) SPECIES CODE = "Callithrix jacchus" AND STRATEGY = "WGA" AND
CENTER NAME ="BCM"

AND STRATEGY = "WGA" AND

2.2.1.2.2. Whole Genome Assembly

Whole genome assemblies (WGA) for chimpanzee, gorilla, gibbon, macaque and callithrix
were performed using Arachne ver. 137405 on a 64-bit server with an Intel quad core Xeon
@ 3.2GHz processor and 75 GB RAM. Whole genome assembly for orangutan was
performed using Arachne ver. r37578 on a 64-bit server with six-core an Intel Xeon @

2.67GHz processor and 512 GB RAM. Default parameters were used for all the assemblies.
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2.2.1.2.3. rDNA sequence construction

The following steps were repeated for each of the primate species to obtain the rDNA repeat

unit sequence:

a) Step-1: Potential rDNA containing contigs were identified by screening the obtained
WGA with human rDNA unit sequence extracted from BAC AL353644 (see Section
2.3.4 for the details of the extracted human rDNA sequence) using BLAST.

b) Step-2: Contigs with an average read coverage <10 were removed. The read coverage for
rDNA containing contigs was obtained using CLC genomic workbench (CLC bio, Inc.).
To remove the segmentally duplicated rDNA regions in the other part of the genome,
contigs smaller than 1kb were also discarded. The low coverage ends (reads coverage
<5) of the remaining contigs were trimmed before proceeding for further analysis.

c) Step-3: Depending on the number of rDNA units present in the contigs obtained from
Step-2 two different strategies were employed to construct the primate rDNA repeat
unit sequence. The strategies are described as below:

i. The first strategy was employed if step-2 yielded a contig longer than the human
rDNA unit sequence (assuming that all the primate rDNA units are ~40 kb) and thus
has more than one rDNA unit. This contig was selected for the construction of rDNA
sequence. The partial unit in the contig was removed to obtain the complete rDNA
repeat unit sequence. The presence of more than one rDNA unit in the contig was
established by self-comparison using BLAST.

ii. The second strategy was employed if the contigs obtained from Step-2 were smaller
than the human rDNA sequence and more than one overlapping contig was required to
completely cover the human rDNA sequence. The overlapping contigs were merged
using Consed (ver. 19) (Gordon et al. 1998). Consed first determines the overlapping
regions between the contigs using cross_match
(http://www.phrap.org/phredphrap/general.html), next it merges the reads in the
overlapping regions and creates a new contig by generating a consensus sequence using
the merged reads. The files containing contig information in .ACE format that were
generated by Arachne were used as input for Consed.

d) Step-4: The contig obtained from Step-3 was rearranged such that the base 1 of the
sequenced is the start of the 45S rRNA coding region, which is followed by the IGS.
The 45S rRNA coding region in the primate tDNA sequence was demarcated by
comparing it with the human 45S rRNA coding sequence using BLAST.
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2.2.1.3. Primate rDNA BAC sequencing

2.2.1.3.1. NGS sequencing

Identified BACs (Section 2.3.5.2.1) were sequenced on the Illumina HiSeq 2000 platform to
obtain 2x100 bp paired end reads with a 250 bp insert size. The sequencing was done by
New Zealand Genomics Limited (NZGL), Otago University, Dunedin, New Zealand.

2.2.1.3.2. Read preparation

The quality of the paired end reads was checked using FastQC (Cox et al. 2010). Low
quality ends of reads were trimmed using DynamicTrim (Cox et al. 2010) with a quality
score cutoff of 13, and short reads were removed with a length cutoff of 25 bp using
LengthSort. Both programs are part of the SolexaQA package (Cox et al. 2010).
Contaminating reads from E. coli were removed by mapping reads to the E. coli genome

(GenBank accession no. CP000948.1).
2.2.1.3.3. Assembly

Processed reads were assembled using Abyss (ver. 3.81) (Simpson et al. 2009). K-mer
values 26-45 were used to obtain the optimum assembly for each dataset. The optimum
assemblies were determined by comparing the contigs for each NGS assembly with the
WGA rDNA sequence for the corresponding primate. The assembly with contigs that
represent most of the corresponding WGA primate rDNA sequence was selected as the

optimum assembly.
2.2.1.3.4. Mapping

Processed reads were mapped to the corresponding reference primate rDNA sequence using
bowtie2 (ver. 2.0.4) (Langmead and Salzberg 2012) with parameters —N 1 —L 30. The
consensus sequence from the mapped reads was generated using a minimum coverage cutoff
of 5. The CLC Genomic workbench was used to obtain the consensus sequence. The mapped
BAC rDNA sequence was aligned to the corresponding WGA rDNA sequence using
MAFEFT server (http://mafft.cbrc.jp/alignment/server; Katoh et al. 2009). Strategy E-INS-I

and scoring matrix 1 PAM were used for the alignment.

2.2.1.4. tDNA Sequence analysis

The repeat regions in the rDNA sequences were identified using RepeatMasker
(http://www.repeatmasker.org) with parameter “DNA source” set as “human”. Further, Alu

elements in the IGS were also identified using DFAM database (ver. 1.1)
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(http://dfam.janelia.org; Wheeler et al. 2013). Other sequence elements in the IGS were
identified using the sequence aligner YASS (Yet Another Similarity Searcher) (Noe and
Kucherov 2005) and BLAST (blastn) (Altschul et al. 1990).

The YASS was selected over the more commonly used BLAST tool for the pairwise
sequence comparisons because of its specificity. YASS performs better than BLAST for the
high repeat content sequences (Noe and Kucherov 2005). The reason behind the better
performance is difference in two parameters that are common in their search algorithm i.e. 1)
number of seeds and 2) difference in the scoring of transition/transversions in the seeds (Noe
and Kucherov 2005). A seed is a small piece of the query sequence of predefined length that
is used to search for significant match with other sequences to start the alignment. YASS
utilizes groups of overlapping seeds while BLAST uses only one seed to report a hit.
Searching for multiple seeds help YASS to span a larger region for the mach compared to
the BLAST, which increase the probability to find a match for the query sequence. Further,
YASS employs transition-constrained seeds to search the match. Transition-constrained
seeds treat transition mutations (purine <> purine, pyrimidine <> pyrimidine) differently than
transversions (purine <> pyrimidine) during the scoring seeds. Transitions are more common
than transversions particularly in microsatellites (Ebersberger et al. 2002; Vowles and Amos
2004). The rDNA contains a number of microsatellites, therefore there are likely to be many
transitions between the species. Therefore, during the pairwise comparison it is essential to

treat both processes differently.

For the identification of the conserved region in the IGS, I used MAFFT rather than
ClustalW to perform the multiple sequence alignments. ClustalW is widely used for multiple
sequence alignment, but it has limitations when performing multiple sequence alignments of
sequences that have multiple highly conserved sequences interrupted by less conserved
regions, such as is found in the rDNA. ClustalW employs a progressive method for
alignment where sequences are aligned depending on the phylogenetic tree generated based
on their pairwise comparisons (Katoh et al. 2005). Multiple trees are generated and the
alignment corresponding to highest scoring tree is reported as the optimal alignment. This
alignment represents the maximum global sequence similarity among the sequences. In
contrast to ClustalW, MAFFT uses an iterative refined method to generate the alignments
where the sequences are first aligned using highest scoring phylogenetic tree (Katoh et al.
2005; Katoh et al. 2009). The generated alignment is then refined by comparing the
subgroups in the tree to improve the alignments of a subset of sequences within the entire
multiple sequence alignments. Further, the E-INS-i module in MAFFT employs generalized
affine gap cost to score the gaps. The generalized affine gap cost facilitates large gaps in the

alignment that is useful when searching blocks of high conserved regions, as less conserved
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regions can be spanned by large gaps without affecting the total score of the alignment. In
the case of the rDNA alignment of the primate sequences where pairwise sequence identity

drops very rapidly, E-INS-i performs more accurately than ClustalW.

2.2.1.5. Multiple sequence aligenment and Similarity plot

Primate rDNA sequences were aligned to the human rDNA sequence to generate multiple
sequence alignment (MSA) with MAFFT (ver. 6.935b) (Katoh et al. 2005; Katoh et al.
2009) using strategy E-INS-i (--genafpair), 1 PAM scoring matrix (--kimura 1) and gap
penalty zero (--ep 0) (command: mafft --genafpair --maxiterate 6 --thread 6 --cluastalout --
kimura 1 --ep 0 --reorder fasta_input_file > seq.aln). Where required the obtained alignments
were adjusted by visual inspection. To obtain the similarity plot first all the columns in the
MSA that had gaps in the human rDNA reference sequence were removed. The modified
MSA was used as input for SynPlot (http://hscl.cimr.cam.ac.uk/syn plot.html; Gottgens et
al. 2001) using a sliding window of 75 with increments of 1 bp to generate the similarity
plot. The human rDNA annotations were mapped onto the similarity plot using GFF files as
input for human rDNA sequence features. The conserved regions in the MSA were extracted
using SynPeak (http://hscl.cimr.cam.ac.uk/syn_plot peaks.htm; Gottgens et al. 2001). The
following parameters were used to extract the conserved regions: window size 10, increment

1 and minimum identity 0.8. Conserved regions less than 10 bp apart were merged together.

2.2.1.6. ChIP-seq and RNA-seq analysis of the human rDNA sequence

2.2.1.6.1. Modified human genome assembly

Human rDNA sequence is currently absent from the human genome assembly (hgl9). In
human, the rDNA is present on the five acrocentric chromosomes viz. chr 13, 14, 15, 21 and
22. For the ChIP-seq and RNA-seq rDNA analyses I decided to introduce the rDNA
sequence extracted from AL353644 (Section 2.3.4) and the proximal (towards centromere
end of rDNA) and distal (towards telomere end of rDNA) flanking region sequences (details
in Section 3.1.1) into the hgl9 chr 21 sequence. A concatenated sequence with proximal-
rDNA-distal sequence was prepared (Figure 2.2). Since the proximal contig is already
present on chr 21 of the assembly, I first removed this proximal sequence from chr 21 and
then inserted the concatenated sequence at the proximal contig position. The modified
human genome assembly with the rDNA and flanking region sequences on chr 21 was used

for further analysis.
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Figure 2.2: Schematic diagram of modified chromosome 21 reference sequence
used for RNA-seq and ChlP-seq analysis of the human rDNA

A concatenated sequence consisting of the proximal contig (orange box), a single
rDNA unit (white-black boxes) sequence and the distal contig (green box) was
inserted to the short arm of the original chr 21 reference sequence.

2.2.1.6.2. Data set for ChlP-seq and RNA-seq analysis

Data for histone modifications, transcription factors (TBP, Pol II, Pol III, Brf3, Brfl, Brdl,
ZNF143 and UBF), CTCF and an Input for cell types GM 12878, K562, H-1hESC, HUVEC,
HeLa-S3 and A549 were downloaded from ENCODE (https://genome.ucsc.edu/encode).
Long poly(A)+, long poly(A)- and small RNA-seq data from the nucleus for GM12878,
K562, H-1hesc, HUVEC, HeLa-S3, HepG2 and A549 were obtained from the CSHL long
RNA-seq and CSHL short RNA-seq database (https://genome.ucsc.edu/encode).

2.2.1.6.3. ChlP-seq analysis

The following steps were performed to analyze all the histone modification and TFs datasets

for the six cell lines:

a) Step-1: Low quality ends of reads were trimmed using DynamicTrim with quality score
cutoff of 13 and short reads were removed with a length cutoff of 25 bp using
LengthSort. Both programs are part of the SolexaQA package (Cox et al. 2010).

b) Step-2: Processed reads were mapped to the modified human genome assembly using
bowtie (ver. 0.12.8) (Langmead et al. 2009). The following parameters were used to
map the reads: uniquely mapped reads to the genome (-m 1), maximum three
mismatches in the seed (-n 3) and seed length (-1 30). The alignment was obtained in a
SAM file format.
command: bowtie -1 30 -n 3 -p 7 --chunkmbs 1024 -a --best --strata -m 1
modified human genome_index ChIP_seq trimmed.fastq -S ChIP_seq mapped.sam
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c)

d)

e)

f)
9)

Step-3: Mapped reads were sorted according to the position mapped to the reference
sequence using command SortSam.jar. The ChIP-seq data in this study were generated
on the Illumina platform, which has a limitation in resolving GC rich regions.
Therefore, contrary to the idealistic situation where each base has same coverage, the
GC rich regions have lower sequence coverage than other regions. This variation in the
sequence coverage among the regions is known as coverage bias. To remove the
coverage bias and provide equal representation of all the regions in the analysis,
multiple reads mapped to same location were removed using command
MarkDuplicates.jar. All the replicates for each sample were merged using command
MergeSamFiles.jar. All the three commands used in Step-3 are part of Picard tools (ver.
1.6.1).

Command: java —jar SortSam.jar [=mapped ChIPseq chr21.sam O=mapped ChIPseq
_chr21 sorted.sam SO=coordinate MAX RECORDS IN RAM=5000000

Command: java -jar MarkDuplicates.jar INPUT=mapped ChIPseq_chr21 sorted.sam
O=mapped ChlIPseq chr21 dr.sam M=stat dr.txt REMOVE_ DUPLICATES=true
Command: java -jar MergeSamFiles.jar [=mapped ChIPseq chr21 drl.sam
I=mapped_ChlIPseq chr21 dr2.sam O=mapped ChIPseq chr21 dr merge.sam
SORT_ORDER=coordinate.

Step-4: The fragment size was calculated using the merged SAM file using run_spp.R
ver. 1.11 (http://code.google.com/p/phantompeakqualtools/; Kharchenko et al. 2008).
Command: Rscript run spp.R  -¢c=ChIP_seq mapped dr merge.bam -savp -
out=ChIP_seq mapped dr merge.txt

Step-5: The merged and sorted SAM files were used to call the peaks using callpeak
function. The noise was removed from the signal by subtracting the corresponding Input
signal using bdgcmp function. Both call peak and bdgcmp are functions of MACS2
(ver. 2.0.10.20120913) (https://github.com/taoliu/MACS/; Zhang et al. 2008).
Command: macs2 callpeak -c ChIP seq control mapped dr merge.sam -t
ChIP_seq mapped_dr merge.sam -g 'hs' --keep-dup all -n ChIP_seq --trackline -B -m 5
50 --nomodel --shiftsize <fragment length/2>

Command: macs2 bdgcmp -t ChIP_seq_treat pileup.bdg -C
ChIP_seq_control lambda.bdg -o ChIP_seq treat minus_linear.bdg -m subtract

Step-6: Peaks corresponding to the rDNA sequence were extracted for further analysis.
Step-7: The peaks were visualized using Integrative Genomics Viewer (IGV) ver. 2.3

(Robinson et al. 2011; Thorvaldsdottir et al. 2013).
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2.2.1.6.4. RNA-seq assembly:

The following steps were performed for all the selected long poly(A)+ and long poly(A)-

RNA-seq datasets:

a)

b)

d)

Step-1: Low quality ends of reads were trimmed using DynamicTrim with a quality
score cutoff of 13 and short reads with a length cutoff of 25 bp were removed using
LengthSort.

Step-2: Processed reads were mapped to the modified human genome assembly using
STAR aligner (ver. 2.2.0) (Dobin et al. 2013). The following parameters were used to
map the reads: mapped with the score <5 the maximum score (--
outFilterMultimapScoreRange 5), mapped < 15 times on the genome (--
outFilterMultimapNmax 15), maximum 10 mismatches (--outFilterMismatchNmax 10)
and with 10000 bp maximum distance between the paired read (--alignMatesGapMax
10000). The alignments were obtained in a SAM file format.

Command: STAR --genomeDir genome STAR _index --readFilesIn rnaseq_1.fastq
rnaseq_2.fastq --outSAMstrandField intronMotif --runThreadN 10 --
outFilterMultimapScoreRange 5 --outFilterMultimapNmax 15 --
outFilterMismatchNmax 10 --outFilterIntronMotifs RemoveNoncanonical --
alignMatesGapMax 10000

Step-3: Since the modified chr 21 contains rDNA sequence, alignments for the reads
mapped to modified chr 21 were extracted from the alignment file obtained from Step-2
Step-4: All the data were sorted according to the reference sequence coordinates using
the command SortSamFiles.jar from Picard tools (ver. 1.6.1).

Command: java —jar SortSam.jar I=mapped_rnaseq_chr21.sam

O=mapped rnaseq chr21 sorted.sam SO=coordinate

MAX RECORDS IN RAM=5000000

Step-5: The sorted SAM files were used as input for Cufflinks (ver 2.0.2) (Roberts et
al. 2011) to assemble the RNA-seq data. Default parameters were used for the assembly
except the minimum isoform abundance required to be assembled was changed from
1% to 0.5% (-F 0.05).

Command: cufflinks -N --total-hits-norm -p 8 --no-update-check -F 0.05

<mapped rnaseq chr21 sorted.sam>
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2.2.2. Molecular Techniques
The molecular biology methods used for this project are described below:

2.2.2.1. BAC filters and BAC clones:

BAC filters for the five primates (orangutan, gibbon, gorilla, macaque and marmoset) were
obtained from Children’s Hospital Oakland Research Institute, USA (CHORI;
http://www.chori.org).

2.2.2.2. Probe preparation:

The 18S rDNA region 4,328-4,922 (coordinate based on GenBank entry U13369) of the
human rDNA was used as a probe. This region was selected for use because it is highly

conserved among the primates. Two different methods were used to prepare the probes:
2.2.2.2.1. Probe for screening BAC filters

For screening BAC filters, the rDNA probe was prepared using DIG high prime DNA
Labeling Kit II (Roche; Catalogue no. 11585614910). Standard PCR reactions were
performed using male human genomic DNA as template (Promega; Catalogue no. G1471)
and primers HS 18S rDNA F (5'-AGCTCGTAGTTGGATCTTGG-3") and
HS 18S rDNA R (5'- GTGAGGTTTCCCGTGTTGAG -3') to amplify the 18S rDNA
region. The obtained PCR product was denatured and mixed with random hexanucleotides,
dNTP, digoxigenin-dUTP (alkali-labile), and Klenow enzyme, and incubated overnight at
37°C. The reaction was stopped by heating the mixture to 65°C for 10 mins.

2.2.2.2.2. Probe for identifying rDNA units in 1-Ppol digested Southern blots

For I-Ppol digested Southern blots, the rDNA probe was prepared using PCR DIG labeling
mix (Roche; Catalogue No. 11585550910). Standard PCR reactions were performed with
dNTP replaced by PCR DIG labeling mix (dATP, dCTP, dGTP, dTTP and digoxigenin-11-
dUTP). Male human genomic DNA used as template (Promega; Catalogue no. G1471) and
primers HS 18S rDNA F and HS 18S rDNA R were used.

2.2.2.3. Southern Hybridization:

Blots were incubated in 1X PSE buffer (hybridization buffer) at 65°C for 30 min. Denatured
probe was added to the hybridization buffer and the membrane was hybridized overnight at
65°C. The next day, blots were washed 3 times with 0.1X PSE for 5 mins, twice with 1X

TBS for 5 mins followed by incubation in blocking solution for 1 hr. All these steps were
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performed at 65°C. Blocked blots were incubated in antibody solution for 30 mins at 25°C.
Blots were washed in blocking solution for 10 mins, followed by 1X TBS for 10mins and
then equilibrated in alkaline phosphatase buffer for 15 mins. All these steps were performed
at 25°C. Blots were placed in a development folder and the chemiluminescent substrate
CDP-Star (Roche; Catalogue No. 11685627001) was applied to the membrane and incubated
for 5 min at 37°C. Signals were detected using Luminescent Image Analyzer System

(Fujifilm; LAS4000).

1X PSE (Hybridization buffer)

0.3 M anhydrous sodium phosphate (4.26 g/100 mls)
7% SDS (7 g/100 mls)

1 mM EDTA (200 pul of 0.5M EDTA)

Milli-Q water (make up to 100 mls)

10X TBS

1 M Tris (24.23 g/L)

1.5 M NacCl (80.06 g/L)

Milli-Q water (make up to 1000 mls)
Adjust pH to 7.6 using HCI

Blocking solution

1.5% skimmed milk powder (15g/L) was dissolved in 1X TBS (up to 1L) by stirring

at 60°C. The solution was filtered using filter paper (Whatman; Catalogue no. 1001
090).

Alkaline phosphatase buffer

100 mM Tris (200 mls of 0.5M Tris-HCI)
100 mM NaCl (5.8 g/L)

5 mM MgCl, (1 g/L)

Milli-Q water (make up to 1000 mls)

pH adjusted to 9.5 using NaOH

2.2.2.4. Verification of the presence of the TDNA unit in the E. coli

containing BACs:

The E. coli containing BACs were obtained from the CHORI as stab cultures and streaked

on LB agar plates containing chloramphenicol. The isolates were tested for the presence of

41



rDNA units by colony PCR using primers 18S_F and 18S_R. The isolates with the expected

product were used further for BAC extraction.

2.2.2.5. BAC extraction:

Overnight E. coli cultures containing the BAC of interest were grown by inoculating
1000mls of LB media containing chloramphenicol (30 pg/L) and incubated at 37°C and 300
rpm for 16 hrs. NucleoBond® Xtra Maxi Plus (Macherey-Nagel, Germany; Catalog No.
740414.10) plasmid purification kit was used to extract the BACs from the overnight culture.
Genomic DNA contamination in the purified BACs was determined by digesting with ECORI
(Roche; Catalogue no. 11175084001) at 37°C for 1 hr and running the digested product on an

agarose gel.

LB media

171 mM NacCl (10 g/L)

Bacto Tryptone or Bacto Peptone (10 g/L)
Bacto yeast extract (5 g/L)

Milli-Q water (make up to 1000 mls)

Chloramphenicol (Stock solution 30 mg/ml)

0.03 g Chloramphenicol

2.70 mls ethanol

Mixed and filtered using microfilter (Biofil syringe filter; Catalogue No. FPE-204-
030)

2.2.2.6. I-Ppol Digestion:

10 pl of purified BAC DNA was digested by incubating with 100U of I-Ppol (Promega,
USA; Catalogue No. R7031) overnight at 37°C in a 20 pl reaction as per the manufacturer’s

instructions.

2.2.2.7. Field inversion gel electrophoresis

To determine the size of the rDNA in the BACs, I-Ppol digested products (1 pl of Sample +
1 ul of dye) were loaded on to 1% pulsed field certified agarose (Bio-Rad; Catalogue No.
162-0137) in 0.5X TBE gels. A 5 kb ladder (Bio-Rad; Catalogue No. 170-3624) was run
next to the samples to determine fragment sizes. To aid resolution of multiple bands, the
ladder was mixed with dye and water in the ratio of 1:1:2 and incubated for 2 hrs at 37°C.

The incubated mixture was heated at 50°C for 15 min and placed in ice for 10 min. Gels
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were electrophoresed in 0.5X TBE at 14°C in a CHEF Mapper® XA pulsed field gel
electrophoresis system (Bio-Rad; Catalogue no. 170-3670 to 170-3673) for 31 hrs using the
following FIGE settings: 180 V forward voltage (5.4 V/cm), 120 V reverse voltage (3.6
V/em), switch time 0.4 sec to 2 sec, linear ramp. Gels were stained in 20 ng/ml ethidium
bromide solution for 1 hr and destained in water with gentle shaking for 2hrs. The bands

were visualized under UV light using gel imager (Bio-Rad).

0.5X TBE

45 mM Tris (5.4 g/L)

45 mM Boric acid (2.75 g/L)

ImM EDTA (pHS8) (2 mls of 500 mM EDTA)

Milli-Q water (make up to 1000 mls)

2.2.2.8. Southern blotting

The FIGE gel was transferred to Biobond Plum™ SS nylon membranes (Sigma Aldrich;
Catalogue no. N4781-1EA) using a standard Southern blot protocol (Sambrook and Russell
2001). Before the transfer, gels were incubated in 0.2M HCI for 20 mins, denaturation
solution for 30 mins, and neutralization solution for lhr. Following the transfer, the
membranes were treated with 2X SSC for 5 min before the DNA was cross-linked to the
membrane using a UV crosslinker (UVP, Model no. CX2000). Finally, the membrane was

air-dried.

0.2M HCl
6ml of conc. HCI in 300mls H,O

Denaturation Solution
0.5M NaOH (20 g/L)
1.5M NacCl (87.6 g/L))

Neutralization solution

2M NaCl (116.8 g/L)

0.5M Tris-HCI (60.5 g/L)

pH => 7.4 (95 mls conc. HCI)

20XSSC
3M NaCl (175.2 g/L)
0.3M Na-citrate (88.1 g/L)

43



2.3. Results

2.3.1. Whole genome assembly strategy to obtain the primate rDNA

sequences

To identify the potential functional elements in the human IGS using the phylogenetic
footprinting primate rDNA sequences are required to be compared with the human rDNA
sequence. However, at present, the only available complete primate rDNA sequence is that
of human. Despite the fact that the genomes of several primate species have been sequenced
no complete rDNA sequences are present in GenBank for these primates. Therefore, the first
step in order to perform phylogenetic footprinting was to acquire the rDNA sequences of the
primate species. Since the whole genome sequencing (WGS) data of several primate species
is publically available I decided to employed whole genome assembly (WGA) to construct
the primate rDNA sequences. The WGS data of an organism contains the sequence
information of its entire genome. Primates have 200-500 copies of the rDNA unit and
therefore, compared to the unique regions such as typical protein-coding genes, the rDNA is
expected to be represented 200-500 times more in WGS data. The rDNA units are almost
identical to each other hence it is difficult to differentiate between the reads from one unit to
another. Therefore, genome assemblers pile up all the reads from the different rDNA units
together to generate a single rDNA sequence. Hence, the rDNA sequences that are produced
by whole genome assemblies represent the consensus sequence of all the rDNA repeat units

for that species.

The genome of the primates has been sequenced on either Sanger or NGS platforms. To
perform the WGA for constructing the primate tDNA sequences I have selected WGS data
from the Sanger platform because of the longer reads and larger insert size compare to the
NGS data. It is known from the sequences of the complete rDNA units of human and mouse
that the IGS of mammalian rDNA consists of a variety of different repeat elements,
including Alu repeats and blocks (up to ~1.7 kb) of microsatellites (Gonzalez and Sylvester
1995; Grozdanov et al. 2003). Microsatellites are made of small identical sequences (tandem
array of 2-6 bp monomers) that are tandemly repeated several times, so it is not possible to
differentiate between the reads from different parts of a microsatellite region. The short reads
with small insert sizes from microsatellite regions will pile up together during assembly to
form a small cluster (Figure 2.3.a). To correctly assemble the long regions of microsatellites,
long reads with large insert size are required (Figure 2.3.b). Further, Alu repeats present in
the IGS are also present in the other parts of the genome (non-rDNA Alu repeats). Therefore,
to avoid reads from non-rDNA Alus during the rDNA assembly, long reads with large insert
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size are required so that the rDNA and non-rDNA regions surrounding the Alu elements can
be differentiated. Additionally, the rDNA is segmentally duplicated in other parts of the
genome. The sequence identity between the duplicated rDNA regions and the rDNA unit is
lower than the sequence identity between different copies of the rDNA units. Therefore, to
avoid reads from these duplicated regions, long reads are also required to increase the
confidence of the reads alignment. The Sanger sequencing platform fulfils the requirement of
long reads with large insert size and therefore, only primate species that have WGS data
from the Sanger platform were considered during species selection for phylogenetic

footprinting (Section 2.3.2).

a) Unigue region Microsatellite Unique region

4 p

Assembled contig

b) Unique region Microsatellite Unique region
[—— rrrrrrrrrrrrrrrrrrrrrroJ—————
—
———————————

 — S - S S S S S S S S S S S S S S " S S S S S
Assembled contig

Figure 2.3: Microsatellite assembly using different size paired-end reads.

a) Microsatellite assembly using short reads with small insert size. b)
Microsatellite assembly using long reads with large insert size. The microsatellite
monomer is shown as a red box. The red arrows represent the reads from
microsatellite, the black arrows represent the reads from a unique region and red-
black arrows represent the reads that cross the microsatellite and a unique region.
The forward arrows are reads from the 5’ end, and the reverse arrows are reads
from the 3’ end. Paired reads are shown on the same horizontal level.



2.3.2. Selection of the primate species for the phylogenetic footprinting
of human rDNA

The next step to start the phylogenetic footprinting of human rDNA was the selection of
primate species for the sequence comparison. There are 261-377 living species of primates
that are distributed among 13 families (Perelman et al. 2011). However, eight primate
species, including both apes, monkeys and humans, have had their genomes sequenced on
the Sanger platform (Marques-Bonet et al. 2009). From these eight species, I selected Pan
troglodytes, Gorilla gorilla, and Pongo abelii from the Hominidae, Nomascus leucogenys
from the Hylobatidae, Macaca mulatta from the old world monkeys and Callithrix jacchus
from the new world monkeys for comparative analysis of the IGS in primates. Since Papio
cynocephalus and Macaca mulatta are closely related, only Macaca was included in the
study as a representative of the old-world monkeys. These primates all have had their
genome completely sequenced on the Sanger platform, which is essential for the strategy to
construct the rDNA sequences. Further, the range of relatedness of the species plays the most
critical role in the phylogenetic footprinting. The selected primate species represent a group
of closely related species (species from Hominidae and Hylobatidae) together with more
distantly related species (species from the old world and new world monkeys) (Figure 2.4).
Since the selected primates are used as the representative members of their genus, from this
point onwards they are referred to by their common name, i.e. Pan troglodytes as
chimpanzee, Gorilla gorilla as gorilla, Pongo abelii as orangutan, Nomascus leucogenys as

gibbon, Macaca mulatta as macaque and Callithrix jacchus as common marmoset.
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Figure 2.4: Primate phylogenetic tree showing the genera selected for human
rDNA phylogenetic footprinting.

Hominidae

(Old World Monkeys, Great Apes, Gibbons, Human)

Catarrhini

Simiiformes

(New World Monkeys)

Platyrrhini

The phylogenetic tree shows the relationships of the known ape genera (purple
text), old world monkeys (orange text) and new world monkeys (blue text), as well
as their taxonomic classification (to the right). The genera of species for which
whole genome Sanger sequence data are available are boxed. Arrows indicate the
genera selected for human rDNA phylogenetic footprinting. (The figure is adapted
from Perelman et al. 2011).
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2.3.3. Comparison of sequence assemblers to determine the ability to

assemble the rDNA sequence

Reads from repeat regions have identical sequences, hence it is not possible to differentiate
between them, and therefore, to reduce assembly complexity, assemblers ignore reads from
the repeat regions. Most Sanger read assemblers are based on the overlap-layout-consensus
(OLC) algorithm for read assembly. OLC based assemblers mark the reads as repeats based
on read coverage. To start the assembly, overlaps are determined among the reads. The reads
from repeat regions pile up to form high coverage contigs because of their sequence identity.
Contigs that have read coverage higher than a certain cutoff value are marked as repeat
contigs and are discarded before proceeding further. This is also true for the rDNA in
primates: multiple TDNA units are present in the genome and have almost identical
sequence; the assembler cannot differentiate between the reads from different units and piles
them together to form high coverage contigs. As a result of high coverage, the rDNA contigs
are treated by the assemblers as repeat contigs and are discarded in the initial phase of
assembly. Hence, although the scheme to obtain the rDNA unit sequence using WGA seems
straightforward, it is challenging to implement. To find an efficient assembler that can
assemble the rDNA unit accurately, I performed a comparative analysis of the Sanger read

assemblers.

2.3.3.1. Dataset to assess the efficiency of the Sanger assemblers

The goal of performing WGA for the selected primates was to obtain the rDNA sequence.
Therefore, to search for an efficient assembler that can assemble the rDNA sequence
accurately, I prepared a dataset that has a high number of human rDNA reads. | used human
WGS data from the JCVI sequencing center for the comparative analysis of sequence
assemblers. Reads were grouped according to their insert size into eleven groups (Section
2.2.1.1). These groups were mapped to the GenBank human rDNA sequence (Acc. No.
U13369). The human rDNA consensus sequence obtained from lib 12500 (group with insert
size of 12,500 bp) mapped reads gave a complete rDNA sequence while the consensus
rDNA sequence for the mapped reads from the other groups cover ~80-95% of the rDNA
sequence. Since lib 12500 has reads for the entire rDNA, it was used to evaluate the repeat

assembly efficiency of different assemblers.
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2.3.3.2. De novo assembly comparison of sequence assemblers using

lib 12500 dataset:

All the reads from lib_ 12500 were used as input to perform de novo assemblies. Default
parameters were used for the selected assemblers. The rDNA containing contigs were
identified by screening the obtained assemblies with the GenBank human rDNA sequence
(Acc. No. U13369) as the query sequence, using BLAST. The contigs that have >95%
identity with U13369 and >2 kb were marked as rDNA containing contigs. The list of the
assemblers and the outcome of the assemblies are summarized in Table 2.5. After testing
different assemblers, Arachne was selected for the assembly of primate rDNA sequences
because it was able to assemble the entire human rDNA IGS and its computational memory

requirement was within the limits of the available computing facilities.
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Table 2.5: Comparative analysis of assemblers to evaluate their efficency to assemble the h

Assembler Assembler | Reason for selection Result
name details
Newbler Roche Part of Roche GS data analysis software package. The largest rDNA containing contij
(gsAssembler) in length. Several regions of the rD
were missing from the assembly.
Celera assembler | Celera Has been used in major genome projects e.g. for rDNA contigs 1 kb to 40.12 kb in I
genomics Drosophila (the first multicellular organism whole obtained. These contigs do not repr

genome assembly) (Myers et al. 2000) and for a diploid
human genome assembly (Levy et al. 2007).

entire rDNA sequence. Further, lon
have large poly-Ns tracks. Therefor
of contigs after removing poly-Ns i
considerably less.

Phrap University of | Successfully assembled repeated regions for several The memory requirement for de no
Washington | organisms including nested repeats in Maize, for which assembly exceeded the limit of the
Genome 67% of the genome is made of transposable elements computing server (512 GB RAM).
http://www.phrap.org/phredphrap/phrap.html)
MIRA Deutsches The literature for MIRA claims that it can resolve repeat rDNA contigs of length 5 kb-33.17
(Mimicking Krebsforsch- | regions (http://sourceforge.net/projects/mira-assembler). 97-99% identity with U13369 sequ
Intelligent Read ungszentrum obtained. The contigs together repr
Assembly) Heidelberg entire rDNA sequence. The memor
requirement was enormous: ~150 C
memory was used for lib_12500 re:
(3,225,868 reads).
Arachne The Broad The assembler was used to assemble the mouse genome rDNA contigs 24.57 kb and 30.24 |
Institute (Batzoglou et al. 2002; Jaffe et al. 2003) and efficiently length were obtained that represent

resolve repeat regions in mouse genome.

IGS but only a fraction of the rDN/
region.




2.3.4. Reference human rDNA unit sequence

The GenBank entry for the only reference human rDNA unit (U13369) that is currently
available was constructed by assembling partial sequences obtained from different
experiments (Gonzalez and Sylvester 1995) and therefore, it is possible that this sequence
does not accurately represent the true rDNA sequence. To establish an accurate reference
rDNA sequence | extracted a complete human rDNA unit from an unannotated GenBank
BAC entry AL353644 (described in detail in chapter 3). The extracted complete rDNA unit
is 43,972 bp in length and includes a 13,357 bp 45S rRNA coding sequences (referred as
coding sequence from here on) and a 30,615 bp IGS sequence. I refer to this extracted BAC
human rDNA sequence as the “human rDNA”, and this was used as the human rDNA
reference for all comparisons with the primate rDNA sequences. The coding sequences of
the human rDNA and U13369 are 98.2% identical with nucleotide variants distributed
throughout the sequence. The IGS sequences are 88.3% identical. The reason for the lower
identity in the IGS is copy number variation in R-repeats and microsatellite regions. There
are only two R-repeat blocks present in the human rDNA unit compared to three in U13369
(the R1-repeat block at coordinates 13,481-14,279 in U13369 is absent in the human rDNA).
The 2 kb [TCTC], microsatellite at 21,894-23,859 and the 50 bp [TCT], microsatellite at
40,625-40,677 in the human rDNA are absent in the U13369 IGS. Similarly, a 200 bp
[TCTC], microsatellite at 26,341-26,542 and a 165 bp [CTTG], microsatellite at 40,106-
40,271 are present in U13369 IGS but are absent in the human rDNA IGS. Excluding these
repeat copy number variations, the identity between the IGS of the human rDNA and
U13369 is 98.1%.

2.3.5. Construction and verification of primate rDNA unit sequences

2.3.5.1. Construction of primate rDNA sequences using whole genome

assembly strategy

The next step after selecting the appropriate assembler was to obtain the rDNA sequences of
the selected species by using the de novo WGA strategy. The details of the whole genome
assemblies and construction of the rDNA sequence for each primate species using WGA are

as follows:
2.3.5.1.1. Chimpanzee reference rDNA unit sequence

A WGA for chimpanzee was performed using publicly available WGS data from a male
individual from West Africa named “Clint” (NCBI Project Accession: PRINA13184;

51



Mikkelsen et al. 2005) using Arachne (Sections 2.2.1.2 and 2.2.1.2.2; assembly statistics is
described in Appendix Table 1). Seven contigs containing 6 kb to 58 kb of chimpanzee
rDNA sequence were identified by screening this WGA with the human rDNA sequence
using BLAST (Table 2.6). The rDNA contigs were named Pt 1 to Pt 7 in order of
decreasing length (where Pt stands for Pan troglodytes). I derived the chimpanzee rDNA
sequence from contig Pt 1 because it has one complete and one partial rDNA unit. The
partial sequence was removed to give a complete reference chimpanzee rDNA sequence of
length 41,773 bp (Figure 2.5). This WGA chimpanzee rDNA unit consists of a 13,279 bp
coding sequence and a 28,494 bp IGS sequence. The obtained chimpanzee rDNA sequence
is 93.1% to 98.3% identical to the six other chimpanzee rDNA containing contigs (Figure
2.5). The variation between the contigs is mainly because of copy number variation in

microsatellites.

Table 2.6: Statistics of the potential chimpanzee rDNA contigs.

Contig name | Length | Number of reads | Average Coverage
Pt 1 46,151 7,686 84.5
Pt 2 30,263 3,616 79.9
Pt 3 21,021 4,646 136.7
Pt 4 16,569 2,153 83.6
Pt 5 11,156 548 32.8
Pt 6 6,540 252 26.7
Pt 7 6,501 229 23.0
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Figure 2.5: WGA contigs containing chimpanzee rDNA sequence.

The rDNA containing contigs were mapped to the chimpanzee WGA rDNA
sequence (grey line). The contigs that have IGS followed by coding region were
split into two at the IGS-coding joint before mapping. Such contigs are represented
as two lines on the same horizontal plane instead of a single continuous line. Both
parts were compared to the rDNA separately but named as the same contig. The
contig Pt_1 that was used to extract the chimpanzee rDNA sequence is represented
as a green line and the partial sequence of a second rDNA unit that was removed
to obtain the rDNA sequence is represented as a dotted black line. The remaining
contigs are represented as black lines. Contig names and their sequence identity
with the chimpanzee rDNA sequence (in parentheses) are indicated on the top of
each contig. The positions of the contigs in the reference chimpanzee rDNA
sequence are indicated at their ends. Scale is shown at the bottom.

2.3.5.1.2. Gorilla reference rDNA unit sequence

A WGA for gorilla was performed using publicly available WGS data from a western
lowland female individual named “Kmilaha” (Project Accession: PRINA169344; Scally et
al. 2012) using Arachne (assembly statistics is described in Appendix Table 1). Four contigs
containing 3 kb to 34 kb of gorilla rDNA sequence were identified by screening this WGA
with the human rDNA sequence using BLAST (Table 2.7). The contigs were named Gg_1 to
Gg 4 in order of decreasing length (where Gg stand for Gorilla gorilla). Contigs Gg 1,
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Gg 3 and Gg_4 were merged to obtain a reference gorilla rDNA sequence of length 37,526
bp using Consed (Figure 2.6; see Section 2.2.1.2.3 Step-3). This WGA gorilla rDNA unit
consists of a 12,871 bp coding sequence and a 24,655 bp IGS sequence. The WGA gorilla
rDNA sequence is 95.9% identical to only remaining non-merged gorilla rtDNA containing
contig, Gg 2 (Figure 2.6). The variation between this remaining contig and the WGA is

mainly because of copy number variation in microsatellites.

Table 2.7: Statistics of the potential gorilla rDNA contigs.

Contig name | Length | Number of reads | Average Coverage
Gg 1 33,494 8,636 162.1
Gg 2 34,320 3,897 67.1
Gg 3 11,471 1,986 108.7
Gg 4 3,044 804 126.1
185 5.85 285
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Figure 2.6: WGA contigs containing gorilla rDNA sequence.

The rDNA containing contigs were mapped to the gorilla WGA rDNA sequence
(grey line). The contigs that have IGS followed by coding region were split into two
at the IGS-coding joint before mapping. Such contigs are represented as two lines
on the same horizontal plane instead of a single continuous line. The contigs that
were merged to obtain the gorilla rDNA sequence are represented as green lines
and remaining contigs are represented as black lines. Other notations are same as
in Figure 2.5. Scale is shown at the bottom.
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2.3.5.1.3. Orangutan reference rDNA unit sequence

A WGA for orangutan was performed using publicly available WGS data from a female
Sumatran individual named “Susie” (Project Accession: PRINA20869; Locke et al. 2011)
using Arachne (assembly statistics is described in Appendix Table 1). Nine contigs
containing 5 kb to 39 kb of orangutan rDNA sequence were identified by screening this
WGA with the human rDNA sequence using BLAST (Table 2.8). The contigs were named
Pa 1 to Pa 9 in order of decreasing length (where Pa stands for Pongo abelii). Pa_1 and
Pa_2 were merged to obtain a reference orangutan rDNA sequence of length 40,901 bp using
Consed (Figure 2.7). The WGA orangutan rDNA unit consists of a 13,230 bp coding
sequence and a 27,671 bp IGS sequence. The WGA orangutan tDNA sequence is 89% to
98.3% identical to the seven other orangutan rDNA containing contigs (Figure 2.7). The
variation between the contigs and the WGA rDNA sequence is higher compared to other
primates. The rDNA arrays in orangutan are distributed on nine chromosomes, therefore one
possible explanation for this high level of wvariation could be variation between

chromosomes.

Table 2.8: Statistics of the potential orangutan rDNA contigs.

Contig name | Length | Number of reads | Average Coverage
Pa 1 39,995 11,465 202.9
Pa 2 16,632 2,440 96.2
Pa 3 29,219 2,439 61.1
Pa 4 28,600 2,474 65.1
Pa 5 21,699 1316 45.9
Pa 6 18,584 2,271 92.8
Pa 7 16,965 573 26.4
Pa 8 10,686 369 25.5
Pa 9 5,511 172 253
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Figure 2.7: WGA contigs containing orangutan rDNA sequence.

The rDNA containing contigs were mapped to the orangutan rDNA sequence (grey
line). The contigs that have IGS followed by coding region were split into two at
the IGS-coding joint before mapping. Such contigs are represented as two lines on
the same horizontal plane instead of a single continuous line. The contigs that
were merged to obtain the orangutan rDNA sequence are represented as green
lines and remaining contigs are represented as black lines. Other notations are
same as in Figure 2.5. Scale is shown at the bottom.

2.3.5.1.4. Gibbon reference rDNA unit sequence

A WGA for gibbon was performed using publicly available WGS data from a northern white
cheek female individual named “Asia” (Project Accession: PRINA20869; Carbone et al.
2006) using Arachne (assembly statistics is described in Appendix Table 1). Five contigs
containing 3 kb to 37 kb of gibbon rDNA sequence were identified by screening this WGA
with the human rDNA sequence using BLAST (Table 2.9). The contigs were named NI 1 to
NI 5 in order of decreasing length (where NI stands for Nomascus leucogenys). Contigs
NI 1, NI 3 and NI 4 were merged to obtain a reference gibbon rDNA sequence of length
42,909 bp using Consed (Figure 2.8). The WGA gibbon rDNA unit consists of a 12,299 bp
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coding sequence and a 30,610 bp IGS sequence. The gibbon WGA rDNA sequence is 97.5%
to 98.1% identical to the two other gibbon rDNA containing contigs (Figure 2.8). The

variation between the contigs is mainly because of copy number variation in microsatellites.

Table 2.9: Statistics of the potential gibbon rDNA contigs.

Contig name | Length [ Number of reads | Average Coverage
NI 1 37,580 5,026 93.9
NI 2 32,946 6,284 143.5
NI 3 30,751 2,797 68.7
NI 4 7,639 138 11.9
NI 5 3,820 620 85.1

185 5.85 285
C__ = | e

Coding region Intergenic Spacer
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— ——
1 2,538 38,737 42,909
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Figure 2.8: WGA contigs containing gibbon rDNA sequence.

The rDNA containing contigs were mapped to the Gibbon rDNA sequence (grey
line). The contigs that have coding region attached to the end of IGS were split into
two at IGS-coding region joint before mapping. Such contigs are represented as
two lines on the same horizontal plane instead of continuous line. The contigs that
were merged to obtain the gibbon rDNA sequence are represented as green lines
and remaining contigs are represented as black lines. Other notations are same as
in Figure 2.5. Scale is shown at the bottom.
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2.3.5.1.5. Macaque reference rDNA unit sequence

A WGA for macaque was performed using publicly available shotgun sequencing data from
a female individual (Project Accession: PRINA12537; Gibbs et al. 2007) using Arachne
(assembly statistics is described in Appendix Table 1). Five contigs containing 3 kb to 38 kb
of the macaque rDNA sequence were identified by screening this WGA with the human
rDNA sequence using BLAST (Table 2.10). The contigs were named Mm_1 to Mm_5 in
order of decreasing length (where Mm stands for Macaca mulatta). Contigs Mm 1 and
Mm_2 were merged to obtain a reference macaque rDNA sequence of length 41,735 bp
using Consed (Figure 2.9). The sequence consists of a 12,979 bp coding sequence and a
28,756 bp IGS sequence. The WGA macaque rDNA sequence is 96.0% to 99.5% identical to
the three other macaque rDNA containing contigs (Figure 2.9; Table 2.10). The variation

between the contigs is mainly because of copy number variation in microsatellites.

Table 2.10: Statistics of the potential macaque rDNA contigs.

Contig name | Length | Number of reads | Average Coverage
Mm_ 1 38,051 4,889 88.5
Mm_ 2 29,874 3,760 89.9
Mm_3 27,560 1,677 45.0
Mm 4 7,383 531 50.4
Mm 5 3,375 158 29.9
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Figure 2.9: WGA contigs containing Macaque rDNA sequence.

The rDNA containing contigs were mapped to the macaque rDNA sequence (grey
line). The contigs that have coding region attached to the end of IGS were split into
two at IGS-coding region joint before mapping. Such contigs are represented as
two lines on the same horizontal plane instead of continuous line. The contigs that
were merged to obtain the macaque rDNA sequence are represented as green lines
and remaining contigs are represented as black line. Other notations are same as
in Figure 2.5 Scale is shown at the bottom.

2.3.5.1.6. Marmoset reference rDNA unit sequence

A WGA for marmoset was performed using publicly available WGS data from a female
individual (Project Accession: PRINA20401) using Arachne (assemble statistics is described
in Appendix Table 1). Four contigs containing 13 kb to 75 kb of the common marmoset
rDNA sequence were identified by screening this WGA with human rDNA sequence using
BLAST (Table 2.11). The contigs were named Cj 1 to Cj_4 in the order of decreasing length
(where Cj stands for Callithrix jacchus). I derived the callithrix rDNA sequence from Cj 1
because it has one complete and one partial rDNA unit. The partial sequence was removed to
give a complete reference callithrix rDNA sequence of length 39,625 bp (Figure 2.10). This
common marmoset TDNA unit consists of a 12,720 bp coding sequence and a 26,905 bp IGS
sequence. The WGA marmoset rDNA sequence is 93.3% to 99.4% identical to the three
other marmoset rDNA containing contigs (Figure 2.10). The variation between the contigs is

mainly because of copy number variation in microsatellites.
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Table 2.11: Statistics of the potential marmoset rDNA contigs.

Contig name | Length | Number of reads | Average Coverage
G 1 72,138 10,542 96.6
G 2 30,214 2,150 49.2
G 3 24,040 990 30.6
Cj 4 13,035 405 21.8
185 58S 285
|-> [ .
: Coding region I Intergenic Spacer :
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7112 39625
Cj 2(935%)
8806 38502
3 (93.4%)
Cj_3(99.4%)
7 64 19606 39,575

Cj_4(93.3%)

18,957 31,635

5kb

Figure 2.10: WGA contigs containing marmoset rDNA sequence.

The rDNA containing contigs were mapped to the common marmoset rDNA
sequence (grey line). The contigs that have IGS followed by coding region were
split into two at the IGS-coding joint before mapping. Such contigs are represented
as two lines on the same horizontal plane instead of a single continuous line. The
contig Cj_1 that was used to extract the common marmoset rDNA sequence is
represented as a green line and the partial sequence of a second rDNA unit that
was removed to obtain the rDNA sequence is represented as a dotted black line.
The remaining contigs are represented as black lines. Other notations are same as
in Figure 2.5 Scale is shown at the bottom.
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2.3.5.2. Verification of primate rDNA sequences obtained from WGA

strategy using BAC clones

The rDNA has two levels of repeat complexity. First, multiple copies are present in the
genome and second, there are number of repeat elements within a single rDNA unit. Many
repeats found in the rDNA are also present in other regions of the genome. Therefore, it is
probable that reads from the other repeats regions may have misassembled with the rDNA
reads. Although Arachne gave a fully assembled human IGS, we cannot rule out the
possibility that it may not have assembled the rDNA accurately for the other primates.
Further, since human rDNA was used as a reference sequence to search for the TDNA
contigs in the primate WGA:s, it is possible that regions present in other primates, but not in
human, remain undetected. To eliminate these possibilities, I decided to verify the WGA
rDNA sequences are correct by using BAC clones containing rDNA. To obtain such BAC
clones, whole genome BAC libraries obtained from CHORI for the individual primates
(except chimpanzee) were screened using high-density hybridization filters (Section 2.2.2.3).
Chimpanzee was not included for the BAC sequencing because of the high level of sequence
similarity between human and chimpanzee. The chimpanzee rDNA obtained from WGA is
89.3% identical to human rDNA (the 2kb [TCT], microsatellite block at position 21,894-
23,859 that is variable among the human IGS was excluded before the comparison). Once
rDNA containing BAC clones had been identified, I used two different methods, to verify

the primate rDNA sequences:

Determination of rDNA unit length in the BAC clones: I-Ppol, a homing enzyme, cuts
only at one site in the rDNA (in the 18S). The average insert size of a BAC clone is ~175 kb.
Given that a primate rDNA unit is ~40 kb and assuming the BAC only contains rDNA units,
each rDNA containing BAC should have approximately 4-5 copies of the rDNA. I
performed [-Ppol restriction digestion of the BAC clones for each species and determined
the size of the rDNA unit by field-inversion gel electrophoresis (FIGE; Section 2.2.2.7). The
presence of the rDNA unit band in the FIGE gel was confirmed by Southern hybridization
(Section 2.2.2.3) and the length was calculated using a 5 kb ladder.

Next generation sequencing of the BAC clones: BAC clones were sequenced on the
[llumina platform. De novo assembly was performed to obtain the sequences of these BACs
(Section 2.2.1.3.3). However, the assemblies were fragmented. To merge the contigs first |
mapped them to the WGA rDNA sequences and then combined them to obtain the sequence.
De novo assembly is a stringent way to verify the sequence as it is solely driven by the
overlapping of reads and does not use any previous sequence information. To verify that the

fragmented assembly is obtained not because of absence of data but due to limitation of NGS
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data I also constructed the BAC rDNA sequences by mapping the reads to the corresponding
WGA rDNA sequences. Complete rDNA unit sequences were obtained for each of the five

primate species using this read mapping approach.
2.3.5.2.1. Identification of BAC clones by screening BAC libraries

A BAC library filter for each selected primate species viz. gorilla, orangutan, gibbon,
macaque and marmoset was screened using a probe made from the human rDNA 18S rRNA
coding region (Section 2.2.2.3). Several rDNA positive BACs were identified in the filter
(e.g. Figure 2.11-Figure 2.13). Three positive BAC clones of different signal intensities were
selected from each filter for further investigation. The BACs were ordered from CHORI as
E. coli stabs, and the presence of rDNA in the BACs was confirmed by amplifying the 18S
region using colony PCR (Figure 2.14; Section 2.2.2.4). BAC clones that gave expected
amplicon size (indicated in bold in Table 2.12) were selected while those with no product

were not included for further study.

Table 2.12: BAC filters screened to identify the rDNA containing BAC clones.

Primate Filter High Intensity | Medium Low Intensity
species BAC clones Intensity BAC BAC clones
clones
Gorilla CUOREZS | cHoss.37M20 | CH255-30A8 CH255-31L1
Orangutan g{om-zm CH276-103L10 | CH276-120P14 CH276-126H17
Gibbon ?&ORI-W CH271-470124 | CH271-442M6 CH271-446H17
Macaque | SHON >0 | CH250-26D15 | CH250-46L14 | CH250-701
Marmoset §§0R1-259 CH259-11916 | CH259-137E18 CH259-113H6
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Figure 2.11: Gorilla BAC library filter CHORI-255 1A with signals for the
rDNA positive BAC clones.

The filter was hybridized with 18S human rDNA probe. Each rDNA positive BAC
clone is present as duplicated signals. The three BAC clones of different signal
intensities A) CH255-37M20 (strong signal), B) CH255-30A8 (intermediate signal)
and C) CH255-31L1 (weak signal) were selected for further investigation and are
highlighted by circles. The filter is divided into six panels by thick lines and each
panel is divided into 16x24 boxes by fine lines. The coordinates and panels used to
identify the BAC clones are indicated on the sides of the filter.
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Figure 2.12: Orangutan BAC library filter CHORI-276 3F with signals for the
rDNA positive BAC clones.

The filter was hybridized with 185 human rDNA probe. Each rDNA positive BAC
clone is present as duplicated signals. The three BAC clones of different signal
intensities A) CH276-103L10 (strong signal), B) CH276-120P14 (intermediate
signal) and C) CH276-126H17 (weak signal) were selected for further
investigation and are highlighted by circles. Other notations are same as in Figure
2.11
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Figure 2.13: Gibbon BAC library filter CHORI-271 10A with signals for the
rDNA positive BAC clones.

The filter was hybridized with 18S human rDNA probe. Each rDNA positive BAC
clone is present as duplicated signals. The three BAC clones of different signal
intensities A) CH271-470124 (strong signal), B) CH271-442M6 (intermediate
signal) and C) CH271-446H17 (weak signal) were selected for further
investigation and are highlighted by circles. Other notations are same as in Figure
2.11
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Figure 2.14: Verification of the presence of the rDNA unit in BAC clones.

A 563 bp region of the 18S rDNA (indicated by an arrow) was amplified by colony
PCR and separated by electrophoresis on agarose gels to verify the presence of the
rDNA in gorilla, orangutan, gibbon, macaque and marmoset BAC clones selected
by the BAC filter screening. Two colony isolates were used for each BAC clone. The
BAC clone name and isolate number are indicated above each lane.
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2.3.5.2.2. Verification of the gorilla rDNA using BAC clones

Three gorilla BAC clones CH255-37M20, CH255-30A8 and CH255-31L1 were selected for
further analysis after verifying that the BAC clones selected by the BAC filter screening are
rDNA positive (Section 2.3.5.2.1). The estimated rDNA unit size obtained by I-Ppol
digestion of the three BAC clones is ~38 kb (Figure 2.15), which is close to the WGA rDNA
length of 37,526 bp. De novo assembled rDNA sequences for CH255-37M20, CH255-30A8
and CH255-31L1 are respectively 93.9%, 92.2% and 88.4% identical to the gorilla WGA
rDNA (Figure 2.16). To examine if the differences between the BAC assembled rDNA
sequence and gorilla WGA rDNA are real or if they are a limitation of NGS assembly, |
compared the gorilla WGA rDNA with the mapped BAC rDNA sequences. The sequence
identities between the CH255-37M20, CH255-30A8 and CH255-31L1 mapped sequences
and the WGA gorilla rDNA are 98.4%, 96.3% and 94.8% respectively. I found that the
variation between the assembled and mapped BAC rDNA sequences is because of two
reasons: low read coverage and limitation of NGS data to resolve the long stretch of
repetitive regions. Certain gaps in the BAC mapped rDNA are either smaller than the
corresponding gaps in the BAC assembled rDNA, or are absent from the BAC mapped
rDNA (Figure 2.16) because of low read coverage in these regions and therefore they are
unable to be resolved by the assembler for e.g. gaps in ITS-2 and 28S in the BAC clone
CH255-37M20. The gaps in the BAC assembled rDNA that corresponds to the
microsatellites that are absent in the BAC mapped rDNA were unable to be resolved by NGS
assembly because of highly repetitive sequence. Specifically comparison between the WGA
rDNA and the BAC assembled and mapped rDNA shows that certain gaps in the BAC
assembled rDNA coding region are also present in the BAC mapped rDNA coding region

(Figure 2.16), verifying that these gaps are present because of the absence of reads.
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Figure 2.15: Estimating the length of rDNA units in the gorilla BAC clones.

Undigested (U) and I-Ppol digested (D) BACs were ran on a FIGE gel (on left) to
determine the size of the rDNA unit in the selected gorilla BAC clones. All three
bands are ~38 kb in size. The arrows indicate the rDNA bands. The gel was probed
with an 18S rDNA fragment (Southern blot on right) to verify the bands contain
rDNA. The bands in the undigested lanes (U) are the BAC clones and E. coli
genomic DNA (contamination). In the digested lane of CH255-30A8 the first band
(~46 kb) above the rDNA band is probably a rDNA unit with small part of 45S
rRNA coding region from the adjacent rDNA unit and the second band is E. coli
genomic DNA (no corresponding signal in the Southern blot). In the digested lane
of CH255-31L1, the band above the rDNA band is undigested DNA, as it is same
size as the band in the corresponding undigested lane (U). The numbers on the left
next to the 5 kb ladder are the sizes of the bands used to estimate the rDNA unit
size.
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Figure 2.16: Variation between gorilla WGA rDNA and BAC clones gorilla
rDNA.

The WGA rDNA sequence (black line) was compared with the assembled (cyan
line) and mapped (pink line) BAC rDNA sequences of three BAC clones A) CH255-
37M20 B) CH255-30A8 and C) CH255-31L1. The positions of the coding region and
the IGS in WGA rDNA are indicated for each BAC clone (the junction of coding and
IGS is indicated as a dotted vertical line). The sequence identities for both regions
are indicated above the sequence. The gaps in the BAC rDNA sequences are
represented as thin grey lines. The regions in the WGA rDNA sequence
corresponding to gaps in the assembled and mapped BAC rDNA sequences are
represented as boxes (grey for coding region, green for Alu, yellow for
microsatellite, purple for low complexity and red for unique region).

2.3.5.2.3. Verification of the orangutan rDNA using BAC clones

Two orangutan BAC clones CH276-103L10 and CH276-120P14 were selected for further
analysis after verifying that the BAC clones selected by the BAC filter screening are rDNA
positive. The estimated rDNA unit size obtained by [-Ppol overnight digestion of the three
BAC clones is ~42 kb, which is close to the WGA rDNA length of 40,901 bp (Figure 2.17).
De novo assembled rDNA sequences for CH276-103L10 and CH276-120P14 are
respectively 88.9% and 89.8% identical to the orangutan WGA rDNA (Figure 2.18). To
examine if the difference between the BAC assembled rDNA sequence and orangutan WGA
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rDNA are real or if they are a limitation of NGS assembly, I compared the orangutan WGA
rDNA with the BAC mapped rDNA sequences. The sequence identities between the CH276-
103L10 and CH276-120P14 mapped sequences and the orangutan WGA rDNA are 97.3%
and 97.6% respectively (Figure 2.18). Similar to the case of gorilla the difference in the
orangutan BAC rDNA and the WGA rDNA is because of absence of reads from the coding
region, low read coverage and limitation of NGS data to resolved repetitive sequences

(Figure 2.18).
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Figure 2.17: Estimating the length of rDNA units in orangutan BAC clones.

Undigested (U) and I-Ppol digested (D) BACs were ran on a FIGE gel (on left) to
determine the size of the rDNA unit in orangutan BAC clones. All three bands are
~42 kb in size. The arrows indicate the rDNA bands. The gel was probed with an
18S rDNA fragment (Southern blot on right) to verify that band contains rDNA.
The bands in the undigested lanes (U) are the BAC clones and E. coli genomic DNA
(contamination). In digested lane of CH276-103L10, the band above the rDNA
band is undigested DNA, as it is same size as the band in the corresponding
undigested lane (U). In digested lane of CH276-120P14, the band above the rDNA
band in the gel is E. coli genomic DNA as it is same size as the band in the
corresponding undigested lane and has no corresponding signal in the Southern
blot (D). The numbers on the left next to the 5 kb ladder are the sizes of the bands
used to estimate the rDNA unit size.
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Figure 2.18: Variation between the orangutan WGA rDNA and BAC clones
orangutan rDNA.

The WGA rDNA sequence (black line) was compared with the assembled (cyan
line) and mapped (pink line) BAC rDNA sequences of two BAC clones A) CH276-
103L10 and B) CH276-120P14. Other notations are same as in Figure 2.16.

2.3.5.2.4. Verification of the gibbon rDNA using BAC clones

Two gibbon BAC clones CH271-470124 and CH271-442M6 were selected for further
analysis after verifying that the BAC clones selected by the BAC filter screening are rDNA
positive. The estimated rDNA unit size obtained by I-Ppol overnight digestion of the two
BAC clones is ~44 kb, which is close to the assembled rDNA length of 42,909 bp (Figure
2.19). De novo assembled rDNA sequences for CH271-470124 and CH271-442M6 are
respectively 92.6% and 93.7% identical to the gibbon rDNA (Figure 2.20). To examine if the
difference between the BAC assembled rDNA sequence and WGA gibbon rDNA are real or
if they are limitation of NGS assembly, I compared the WGA gibbon rDNA with the BAC
mapped rDNA sequences. The sequence identities between the CH271-470124 and CH271-
442M6 mapped sequences and the gibbon WGA rDNA are 98.5% (Figure 2.20). Similar to
the case of gorilla the difference in the gibbon BAC rDNA and the WGA rDNA is because
of absence of reads from the coding region, low read coverage and limitation of NGS data to

resolved repetitive sequences (Figure 2.20).
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Figure 2.19: Estimating the length of rDNA units in gibbon BAC clones.

Undigested (U) and I-Ppol digested (D) BACs were ran on a FIGE gel (on left) to
determine the size of the rDNA unit in gibbon BAC clones. All three bands are ~44
kb in size. The arrows indicate the rDNA bands. The gel was probed with an 18S
rDNA fragment (Southern blot on right) to verify that band contains rDNA. The
bands in the undigested lanes (U) are the BAC clones and E. coli genomic DNA
(contamination). In digested lanes, the band above the rDNA band is the
undigested DNA as it is same size as the band in the corresponding undigested
lane (U). The bands below the rDNA band in CH271-470124 are probably from the
backbone of the BAC. The numbers on the left next to the 5 kb ladder are the sizes
of the bands used to estimate the rDNA unit size.
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Figure 2.20: Variation between gibbon WGA rDNA and BAC clones gibbon
rDNA.

The WGA rDNA sequence (black line) was compared with the assembled (cyan
line) and mapped (pink line) BAC rDNA sequences of two BAC clones A) CH271-
470124 and B) CH271-442M6. Other notations are same as in Figure 2.16.

2.3.5.2.5. Verification of the macaque rDNA using BAC clones

Three macaque BAC clones CH250-26D15, CH250-46L14 and CH250-701M6 were
selected for further analysis after verifying that the BAC clones selected by the BAC filter
screening has are rDNA positive. The estimated rDNA unit size that was obtained by [-Ppol
overnight digestion of the three BAC clones is ~42.5 kb, which is close to the WGA rDNA
length of 41,735 bp (Figure 2.21). De novo assembled rDNA sequences for CH250-26D15,
CH250-46L14 and CH250-701 are respectively 92.7%, 91.7% and 93.1% identical to the
WGA macaque rDNA (

Figure 2.22). To examine if the difference between the BAC assembled and WGA macaque
rDNA are real or if they are a limitation of NGS assembly, I compared the macaque WGA
rDNA with the BAC mapped rDNA sequences. The sequence identities between the CH250-
26D15, CH250-46L14 and CH250-701 mapped sequences and the macaque rDNA are
97.9%, 97.8% and 98.4% respectively. Similar to the case of gorilla the difference in the
macaque BAC rDNA and the WGA rDNA is because of absence of reads from the coding

region, low read coverage and limitation of NGS data to resolved repetitive sequences (
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Figure 2.22).

CH250-26D15 CH250-46L14 CH250-701 CH250-26D15 CH250-46L14 CH250-701
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Figure 2.21: Estimating the length of the rDNA units in the macaque BAC
clones.

Undigested (U) and (D) I-Ppol digested BACs were ran on a FIGE gel (on left) to
determine the size of the rDNA unit in macaque BAC clones. All three bands are
~42.5 kb in size. The arrows indicate the rDNA bands. The gel was probed with an
18S rDNA fragment (Southern blot on right) to verify that band contains rDNA.
The bands in the undigested lanes (U) are the BAC clones and E. coli genomic DNA
(contamination). In digested lane of CH250-26D15 the two bands above the rDNA
band in the gel are complete rDNA unit with a partial unit (lower band ) and E.
coli genomic DNA (upper band; same size of band in the corresponding undigested
lane and have no corresponding signal in the Southern blot). In digested lane of
CH250-46L14, the two bands above the rDNA band in the gel are complete rDNA
unit with a partial unit. In the digested lane of CH259-11916, the band above the
rDNA band is undigested DNA, as it is same size as the band in the corresponding
undigested lane (U). In digested lane of CH250-701, the two bands above the rDNA
band in the gel are complete rDNA unit with a partial unit (lower band ) and E.
coli genomic DNA (upper band; same size of band in the corresponding undigested
lane and have no corresponding signal in the Southern blot). The numbers on the
left next to the 5 kb ladder are the sizes of the bands used to estimate the rDNA
unit size.
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Figure 2.22: Variation between macaque WGA rDNA and BAC clones macaque
rDNA.

The WGA rDNA sequence (black line) was compared with the assembled (cyan
line) and mapped (pink line) BAC rDNA sequences of three BAC clones A) CH250-
26D15 B) CH250-46L14 and C) CH250-701. Other notations are same as in Figure
2.16.

2.3.5.2.6. Verification of the marmoset rDNA using BAC clones

Two marmoset BAC clones CH259-11916 and CH259-137E18 were selected for further
analysis after verifying that the BAC clones selected by the BAC filter screening has are
rDNA positive. The estimated rDNA unit size that was obtained by I-Ppol overnight
digestion of the two BAC clones is ~40 kb, which is close to the WGA rDNA length of
39,625 bp (Figure 2.23). De novo assembled rDNA sequences for CH259-11916 and CH259-
137E18 are respectively 91.5%, and 91.8% identical to the marmoset WGA rDNA (Figure
2.24). To examine if the difference between the BAC assembled rDNA sequence and
marmoset TDNA are real or if they are limitation of NGS assembly, I compared the
marmoset TDNA with the BAC mapped rDNA sequences. The sequence identities between
the CH259-11916 and CH259-137E18 mapped sequences and the marmoset TDNA are
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97.2% and 97.5% respectively. The variations between the WGA rDNA and BAC assembled
and mapped rDNA sequences are mainly due to the limitation of NGS data to resolve the
repeat regions. Similar to the case of gorilla the difference in the marmoset BAC rDNA and
the WGA rDNA is because of absence of reads from the coding region, low read coverage

and limitation of NGS data to resolved repetitive sequences (Figure 2.24).
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Figure 2.23: Estimating the length of the rDNA units in marmoset BAC clones.

Undigested (U) and (D) I-Ppol digested BACs were ran on a FIGE gel (on left) to
determine the size of the rDNA unit in marmoset BAC clones. All three bands are
~40 kb in size. The arrows indicate the rDNA bands. The gel was probed with an
18S rDNA fragment (Southern blot on right) to verify that the bands contain
rDNA. The bands in the undigested lanes (U) are the BAC clones and E. coli
genomic DNA (contamination). In the digested lane of CH259-137E18, the band
above the rDNA band in the gel is E. coli genomic DNA as it is same size of band in
the corresponding undigested lane and has no corresponding signal in the
Southern blot (D). In the digested lane of CH259-11916, the band above the rDNA
band is the undigested DNA as it is the same size as the band in the corresponding
undigested lane (U). The numbers on the left next to the 5 kb ladder are the sizes
of the bands used to estimate the rDNA unit size.
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Figure 2.24: Variation between marmoset WGA rDNA and BAC clones
marmoset rDNA.

The WGA rDNA sequence (black line) was compared with the assembled (cyan
line) and mapped (pink line) BAC rDNA sequences of two BAC clones A) CH259-
11916 and B) CH259-137E18. Other notations are same as in Figure 2.16

2.3.5.3. The primate reference rDNA sequences

The contigs used to construct the rDNA sequences and the ones with greater sequence
similarity (>95% similarity) with the WGA rDNA sequence represent more than 60% of the
rDNA reads, except for orangutan (Table 2.13). This suggests that the WGA rDNA
sequences are appropriate consensus sequences for the majority of the rDNA units. Further,
the WGA rDNA sequences and the BAC rDNA units are approximately the same size (Table
2.14). The differences in size are similar for all the primate rDNA units and are always
bigger from the FIGE results than the sequenced size (Table 2.14), suggesting the size is
slightly overestimated using FIGE gels. The BAC mapped rDNA sequences are >97%
identical to the WGA except for gorilla BAC clones CH255-30A8 and CH255-31L1 where
identity is slightly lower because of larger gaps in the coding regions due to the absence of
reads from the sequencing data. Compared to the BAC mapped rDNA sequences, the BAC
assembled rDNA sequences have slightly lower identities with the WGA rDNA sequences,
mainly because of gaps in the coding region and the microsatellites. Other labs have also
observed the absence of reads from parts of the rDNA coding region in human and mouse
rDNA NGS data (Prof. Ross Hannan and Prof. Brian McStay personal communication). The

reason for the missing rDNA coding region reads is unknown. One possibility is that the
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rDNA coding regions form secondary structures that prevent these sequences from being

represented in the sequencing libraries.

Secondly, the gaps in the microsatellite region result from limitations of highly repetitive
regions to be resolved with short read NGS data (Section 2.3.1). Overall, the BAC assembled
and mapped rDNA units are similar to WGS rDNA sequence, demonstrating that the repeats
present in the WGA sequence are actually from the rDNA and that no region is missing from
the sequence. Together, the evidence supports the rDNA sequence obtained from the WGA
being an accurate representation of the true rDNA sequence. Therefore, I used the WGA
sequences as the reference TDNA sequences for all species, and the chimpanzee, gorilla,
orangutan, gibbon, macaque and marmoset WGA rDNA sequences are here on referred to as
“chimpanzee rDNA”, “gorilla rDNA”, “orangutan rDNA”, “gibbon rDNA”, “macaque
rDNA”, and “marmoset rDNA” respectively.

Table 2.13: The number of rDNA reads represented by the WGA rDNA
sequence.

Primate Consensus sequence Total rDNA reads | Consensus reads
name rDNA reads* in WGS data percentage
Chimpanzee | 12,331 19,130 64.5%

Gorilla 15,323 15,323 100%

Orangutan 13,905 23,519 59.1%

Gibbon 14,865 14,865 100%

Macaque 11,015 11,015 100%

Marmoset 10,542 14,087 74.8%

* The reads for the contigs used to construct the rDNA sequence and the contigs that have >95% sequence identity with the
constructed rDNA sequence.

Table 2.14: The length variation between the WGA and BAC rDNA sequences
of the six primate species.

Primate Length of rDNA Estimated Length of Length
name obtained from WGA rDNA using FIGE (bp) difference (bp)
(bp)

Chimpanzee 41,773 Not determined | Not determined
Gorilla 37,526 38,169 643
Orangutan 40,901 41,928 1,027
Gibbon 42,909 44231 1,322
Macaque 41,735 42,681 946
Marmoset 39,625 40,467 842
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2.3.6. Characterization of the human and six primate rDNA sequences

After constructing and verifying the reference chimpanzee, gorilla, orangutan, gibbon,
macaque and marmoset rDNA sequences, the next step was to characterize them. To start the
characterization first I defined the 45S rRNA coding and IGS regions in the sequences by
comparing them with the human 45S rRNA coding sequence. Human 45S rRNA coding
sequence align completely (end to end) to all the rDNA sequences except marmoset. In
marmoset, the 5’ ETS is 272 bp shorter than the human 5 ETS. This could be either because
marmoset 5° ETS actually being shorter, or failure of the WGA to properly assemble this
region. In case of marmoset, only 72 bp of the 5 ETS matches to the rDNA sequence
therefore reported marmoset rDNA coding region possibly slightly smaller than the actual
coding region. Next, | searched for different repeat elements (Alu elements, microsatellites,
LINEs, LTRs and satellites) in the rDNA sequences using the Dfam database and
RepeatMasker (Section 2.2.1.4). Several Alu elements were found in the primate IGS and
were numbered according to their position in the IGS. Further, I looked for the R-repeat,
long repeat and butterfly repeat (Section 1.4.1) previously reported from the human rDNA in
the primate rDNA sequences. The different features that are present in the primate rDNA
sequences are represented in Figure 2.25-Figure 2.30 and are summarized in Table 2.15 and
Table 2.16. The salient characteristics of the different primate rDNA sequences, in

comparison to human, are described in following subsections:
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Figure 2.25: The complete chimpanzee rDNA repeat unit.

The rDNA unit has a 13,279 bp coding region (blue line) and a 28,494 bp IGS (green line). The coding regioi
boxes). The IGS contains several repeat elements including Alu elements (green-orange boxes), microsatellite
(brown boxes) and low complexity regions (purple boxes). The names of the repeat elements are indicated
sequence features: R-repeat (R-repeat 1-3), long repeats and butterfly repeat that are indicated by diagonally
boxes respectively. The cdc27 pseudogene is indicated by as a dashed box. The partial ends of the fragmented
The elements above the rDNA are on forward strand and elements below the rDNA are on reverse strand. Th
based on the sequence of forward strand and for clarity of the figure, microsatellites are placed on the rDNA. Scc
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Figure 2.26: The complete gorilla rDNA repeat unit.
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Figure 2.27: The complete orangutan rDNA repeat unit.
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Figure 2.28: The complete gibbon rDNA repeat unit.
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Figure 2.29: The complete macaque rDNA repeat unit.
The rDNA unit has a 12,979 bp coding region (blue line) and a 28,756 bp IGS (green line). The IGS c

(red boxes). Other notations are same as in Figure 2.25.
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Figure 2.30: The complete marmoset rDNA repeat unit.

The rDNA unit has a 12,720 bp coding region (blue line) and a 26,905 bp IGS (green line). Other notations ar



2.3.6.1. Coding region

The length of the 45S rRNA coding sequence in the six primate species is similar to human
i.e. approximately 13 kb, except for gibbon, which has slightly smaller coding region (Table
2.15). As expected, as we move from chimpanzee to marmoset, the pairwise sequence
identity with human decreases for the coding region (Table 2.15). As expected, the 18S and
5.8S rDNA primate sequences are almost identical to the human. However, because of
variable regions, the 28S rRNA gene sequence is variable in length (4.6 kb to 5 kb) and has a
lower sequence identity (Table 2.15) than the 18S and 5.8S. As anticipated, overall sequence
variation in the coding region of the primates is mainly because of differences in the ITS and

ETS regions.

Table 2.15: rDNA sequence comparison between human and the six primate
species.

Features Human | Chimpanzee | Gorilla | Orangutan | Gibbon | Macaque | Marmoset
Total length ( bp) 43,972 | 41,773 37,526 40,901 42,909 41,735 39,625
Total | 13357 | 13:279 12,871 | 13,230 12299 [ 12979 | 12,720
’ (94.2%) (92.0%) | (88.7%) (83.1%) | (86.8%) | (79.7%)
Coding
region 185 | 1869 | 1,867 1,864 | 1,964 1,868 | 1,868 1,864
length in bp ’ (99.8%) (99.7%) | (98.9%) (99.8%) | (99.8%) | (99.7%)
(Identity
compared | 585 | 157 157 (100%)* | 97 [ 157 157|157 57
to human) (100%) | (99.4%) (100%) | (100%) (100%)
28S | 5,070 5,056 4,796 4,970 4,667 4,785 4,997
’ (97.4%) (93.3%) | (92.3%) (88.9%) | (92.7%) | (91.1%)

IGS region length
in bp (Identity
compared to
human)

28,494 24,655 27,671 30,610 | 28,756 26,905

30615179 894) (732%) | (61.9%) (634%) | (32.7%) | (25.4%)

2.3.6.2. Microsatellites:

Similar to human, the microsatellite component of the rDNA unit in all six primate species
is higher than the genome wide average (Table 2.16). Compared to the human rDNA, the
microsatellite content of other primate rDNA sequence is lower because they lack the two
long [TC], repeat blocks that are present in the human (Figure 1.3). The microsatellites are
not identical between the human and primate rDNA sequences, however the microsatellites
located near to Alu elements are more often the same type than those in other parts of the
IGS. Studies have shown that the microsatellites present in the promoter regions are

relatively more conserved compared to those from other parts of the genome (Sawaya et al.
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2013), particularly microsatellites GA/TC and CTT/GAA (Morris et al. 2010). The majority
of the microsatellites that are conserved and in close proximity to Alus are GA/TC and
CTT/GAA microsatellites (Figure 1.3). It has been previously shown that changes in the
copy number of microsatellites in promoter regions can modulate gene expression (Iglesias
et al. 2004; Li et al. 2004). The mechanism by which this occurs is still not known. It is
thought that the property of microsatellites to alter the structure of the DNA from the general
B-form to Z-form, H-form and G-quadruplex result in the changes of the expression level
(Palumbo et al. 2008; Shklover et al. 2010; Sawaya et al. 2012). Since the microsatellites
found in close proximity to Alus are usually of the same type, it is possible that these

microsatellites regulate Alu expression in the IGS through a similar mechanism.
2.3.6.3. Satellites:

A unique feature of the macaque rDNA is the presence of alpha satellites in the IGS. Three
blocks of alpha satellites are present in the macaque IGS, covering 2,386 bp (Figure 2.29).
Alpha satellites are characteristic features of centromeres (Manuelidis 1978; Wevrick and
Willard 1989). In macaque, the rDNA is localized pericentromerically, therefore, the alpha
satellites may have been inserted into the macaque IGS and then fixed as a result of rDNA

homogenization.

Table 2.16: Repeat composition of the primate rDNA sequences.

E:&peat Human | Chimpanzee | Gorilla Orangut Gibbon | Macaque | Marmoset
ements an
Micro- 20,3
0.8)" 8.7 (0.8) 6.6 (1.1) | 7.7(0.8) | 7.7(0.8) | 6.2(0.8) | 10.4(0.9)
satellites (0.8)
Alus
13.3 13.3 16.0 14.2 18.2
13.1(10.3 13.6 (9.8
(SINE) (10.6) (10.3) (8.3) ©.8) (10.6) (10.1) (11.0)
43 1.3 1.6
LINE (20.4) 1.6 (21.6) (19.8) 1.1(22.2) (138) 1.5(19.1) | 0.4 (21.8)
LTR 1.2(8.3) |0.7(9.0) 0.4(8.4) [0.9(9 1.7.(8.7) | 12.2(8.4) | 3.60 (1.0)

%9.34% if TC track is removed. ° The number in the parenthesis is the repeat percentage of entire

genome.
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2.3.6.4. Alu elements:

Alu elements are most abundant repeat element of the IGS in all the primates (Table 2.16).
Previous studies have shown that several Alu elements in the human rDNA are conserved in
apes and macaque (Gonzalez et al. 1989; Gonzalez et al. 1993). These studies used Southern
hybridization to demonstrate Alu element conservation in the IGS, hence they can only
confirm the positional conservation of the Alu elements but not the level of sequence
identity. To determine the sequence identity, I compared the human Alu elements with their
corresponding primate IGS Alu elements. Most of the Alu elements have high sequence
identity from 89%-97% demonstrating that not only the position but also sequences of the
Alu elements are conserved. The results of pairwise comparison are summarized in Table
2.17. Interestingly, Alupm.,27 and 28 that were reported to be conserved in macaque
(Gonzalez et al. 1993) are actually are on the opposite strand in macaque and therefore are
not orthologous. The pairwise comparisons show that as we move from human to gibbon the
level of sequence identity for certain Alu elements (Alupyman6, 10, 13, 15 and 17) decreases
more rapidly than others, suggesting that a selective constrain is being applied to some of the
Alu elements. This suggests that these Alu elements may have some functional role.
Previous study have shown that about 30% of the gorilla genome has a higher DNA
sequence identity to human or chimpanzee than human and chimpanzee have to each other,
and this is more pronounced for regions surrounding the genes than the genes themselves
(Scally et al. 2012). Interestingly, Alupmanl, 10, 15, 19, 20, 23 and 26 have this same pattern
of sequence identity between human, chimpanzee and gorilla. The role of these Alu elements
in the IGS is not known. Several Alu elements in the human genome are transcribed to form
noncoding RNAs therefore, it is possible that these highly conserved human Alu elements

may have a similar role.
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Table 2.17: Pairwise sequence comparisons showing the level of sequence conservation between
Human | Chimpanzee Gorilla Orangutan

Alupyman]l | Alugping! (92.1, 7.9, 0)° Alugyinal (93.4, 6.6, 0) >

Aluhuman2

lAluhuman3

Aluhuman4

IAluhuman5

Alupuman® | Alugim5 (94.2,5.4,0.4) | Alugeq5 (92.6, 5.8, 1.7) Alugan,7 (88.0, 10.7, 1.4)
Altpyman? | Alugnim6 (97.3,2.4,0.3) | Alugn.7 (90.9, 3.9, 5.7) A8 (89.6, 8.6, 2.0)
lAluhuman8

Aluhuman9

Altpuman10 | Alugim9 (94.2,2.6,0.7) | Alugeina10 (94.9, 5.1, 0) Al 10 (89.9, 7.8, 2.4)
Altpymanl 1 | Alugin,10 (97.5, 2.5, 0) Alugorinal1(94.7,4.9,0.3) Alugranel 1 (89.0, 9.2, 1.3)
Altpymanl2 Alugorina12 (96.7, 3.3, 0) Alugrane12 (90.3, 6.6, 3.3)
Altpymanl3 | Alugnim12 (94.9,4.8,0.3) | Aluginal3 (92.4,3.7,4.1) Alyrane13 (89.8, 8.6, 1.7)
Aluhuman14

Alupynan 15 | Alugning14 (94.6, 5.0, 0.4) | Alugn15 (95.4, 4.2, 0.4)

AlUpymanl6 | Alugnim15 (95.5, 3.8, 0.7)

Altpymanl 7 | Alugim16 (94.6, 5.02, 0.4)

Althymanl 8 | Alugninmy17 (97.2,2.3,0.5) | Alugrina16 (95.3,4.7, 0)

Alupyman]9 | Alughing 18 (91.1, 1.1, 1.1) | Alugennal7 (98.1, 1.1, 0.6)

Altpnan20 | Alugin19 (97.7, 2.3, 0) Alugoina18 (98.1, 1.6, 0.3) Alugrane17 (89.0, 8.2, 2.9)
Altpman2] | Alugin20 (96.9, 3.1, 0) Allgrane18 (94.4, 4.9, 0.6)
Altpyman22 | Alugim21 (97.6, 2.3, 0) Alugerina19 (96.7, 2.5, 0.7) Alugrane19 (94.2,3.3,2.3)
Alupnan23 | Aluginm22 (92.1,4.1,0.3) | Alugnn21 (96.7, 3.3, 0) Al 20 (92.5,4.1,2.7)
AlUpuman24 Alugorin22 (99.2, 0.8, 0) Alug,.21 (88.1,8.1,3.2)
Altpman25 | Aluginp23 (97.7,2.3,0) Alugonin23 (96.1,2.6, 1.3) Alugane22 (93.5, 4.6, 2.0)
AlUpyman26 | Alugimp24 (97.1,2.9, 0) Alugoina24 (97.4,2.9, 0) Alugan23 (91.9,5.3,2.9)
Altpyman2? | Alugims25 (97.1, 2.9, 0) Alugerina25 (95.1,4.2,0.7) Alugane24 (90.2, 7.8, 1.6)

* Percent sequence identity, percent mismatches and percent gaps are indicated in the parentheses > Grey box

the specific primate that is orthologous to human Alu element.



2.3.6.5. Additional repeat elements:

The additional repeat elements (R-repeats, Long repeats and Butterfly repeats) that have
been reported from the human IGS by Gonzalez et al. (Gonzalez and Sylvester 1995) are
also present in the IGS of other apes. In chimpanzee as in to human, two copies of the Long
repeats and Butterfly repeats are present while in gorilla and orangutan only one copy. This
suggests that these repeat elements duplicated in the IGS after the common ancestor of

chimpanzee and human diverged.

2.3.7. Phylogenetic  footprinting to identify potential noncoding

functional elements in the IGS

In order to identify potential functional elements in the human IGS, I next compared the
human rDNA with the primate rDNA sequences to identify phylogenetic footprints (regions
that are highly conserved during evolutionary timeline) in the human rDNA IGS. To achieve
this goal, I initially made a multiple sequence alignment (MSA) by aligning human rDNA
with the rDNA sequences of chimpanzee, gorilla, orangutan, gibbon, macaque and
marmoset. However, the MSA was poorly aligned because of the low sequence identity
between human and marmoset rDNA. Therefore, marmoset rDNA was removed from the
analysis and rDNA sequences were realigned to obtain the MSA juman-macauqe that was used for
the further study. Next, to observe the level of sequence conservation in the human IGS a
similarity plot was generated from MSApuman-macauge (Figure 2.31) using Synplot (Section
2.2.1.5). The human rDNA sequence in MSApuman-macauqe has long runs of gaps that are
predominantly the result of the satellite blocks in the macaque rDNA. Because the goal of
this study is to search for the conserved regions in the human IGS, all the columns in the
MSA with gaps in the human rDNA were removed before generating the similarity plot. This
facilitated visualization of the positions of conserved regions (obtained in the next step)
relative to the human rDNA. A 75 bp sliding window with 1 bp increment was used to
generate the similarity plot (Section 2.2.1.5). The plot represents the sequence conservation
between the human and primate rDNA sequences. To demarcate the conserved regions in the
human IGS, a cutoff of 80% identity with a minimum length of 10 bp was used (Section
2.2.1.5). The average rDNA sequence identity among the selected primates is 61.1%, and
this decreases to 51.6% when just the IGS is considered. This arbitrary 80% cutoff mark was
chosen as it is much higher than the average sequence identity (61.1%), and therefore
represents a conservative cutoff value. Further, a comparison between different database
studies showed that the average minimum sequence length of the binding sites of

transcription factors is ~16 bp (Kulakovskiy et al. 2013). Therefore, the smaller cutofff of 10
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bp was used to ensure most the potential protein binding sites in the IGS could be identified.
Conserved regions less than 10 bp apart were merged together to obtain fifty-three conserved
regions that represent the potential noncoding functional elements in the human IGS (Figure
2.31; Appendix Table 2). The conserved regions are referred to as ConR-1 to ConR-53 in the
order of distance from the last base of the 5> ETS. The conserved regions can be grouped
into three clusters: the first between the coding region and the long track of [TC], satellites,
the second between the [TC], tracks and the cdc27 pseudogene, and the third between the
cdc27 pseudogene and the end of the IGS. The conserved patterns appearing in the rDNA are

outlined below:
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Figure 2.31: Sequence similarity plot for human rDNA with five different
primate species viz. chimpanzee, gorilla, orangutan, gibbon and macaque.

The horizontal axis represents the position in the human rDNA. The vertical axis represent
the level of sequence similarity between 0 (no identity) and 1 (all the bases are same in
the column). The conserved regions (green shaded regions) were identified using a 10 bp
minimum length and >= 0.8 sequence identity score. The name of the conserved regions is
indicated on green box. Annotations of the human rDNA representing different functional
elements and repeat elements are mapped to the similarity plot and shown above it.
Orange boxes represent Alu elements, yellow boxes represent microsatellites and blue box
represents cdc27 pseudogene. The purple vertical bar represents the promoter and the
red vertical bars represent terminator elements.
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2.3.7.1. Conservation of previously known features in the human IGS:

To verify that the phylogenetic footprinting is capable of identifying functional elements in
the human rDNA, I first looked whether known functional elements are present in the

conserved regions.
2.3.7.1.1. rRNA coding regions

As anticipated the 18S and 5.8S rDNA are highly conserved across the primates (Hillis and
Dixon 1991) (Figure 2.32). For 28S rDNA, conserved region appears as strong peaks and the
variable regions as region of relatively low conservation. Similarly as reported previously
(Netchvolodov et al. 2006), the core promoter element (-45 bp to +18 bp) and the upstream
element (-156 bp to -107 bp) for rDNA transcription are highly conserved. Eleven rDNA
transcription terminators are present 390 bp downstream of the 28S rRNA coding region
(Pfleiderer et al. 1990). Of these eleven putative terminators, the first three are conserved
while the others are not. It has been reported previously that the termination efficiency of
first three terminators is higher than the remaining terminators (Pfleiderer et al. 1990), and

this is supported by the higher conservation of the first three terminators.

T T T T T g
8000 9000 10000 11000 12000 13000 14.000 15000

Figure 2.32: Sequence conservation plot for the rRNA coding regions.

Notations are the same as in Figure 2.31.

2.3.7.1.2. c-Myc and p53 binding sites

c-Myc is an oncogene and is associated with the rDNA transcriptional upregulation in many
cancerous cells (Grandori et al. 2005). c-Myc binding site in the human rDNA is present
proximal to the rDNA promoter (Grandori et al. 2005) and are conserved among the
primates. Another crucial protein known to be associated with the rDNA is p53. p53 is a
tumour suppressor gene (Oren 2003) and is involved in the rDNA transcription suppression

(Budde and Grummt 1999). A putative binding site of p53 has been reported in the IGS
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(Kern et al. 1991) and are conserved among the primates. Overall, this suggests that

phylogenetic footprinting is capable of identifying protein binding sties in the IGS.
2.3.7.1.3. Noncoding transcripts

Two noncoding transcripts from the rDNA IGS region have been previously characterized,
the pRNA (plays a role in rDNA silencing) (Mayer et al. 2006) and the IGS,sRNA (involved
in nucleolar protein sequestration during acidosis) (Audas et al. 2012). Interestingly both of
the regions encoding these transcripts correspond to conserved regions in the IGS. The
pRNA is transcribed from conR-53 while IGSsRNA is transcribed from a region of the IGS
that overlaps with conserved regions conR-23 to conR-25 demonstrating that the

phylogenetic footprinting capable of identifying noncoding transcripts.
2.3.7.1.4. Alu elements conservation

Alu elements constitute 13.3% of the human IGS. Several studies have shown the
conservation of the Alu elements in the IGS. Therefore, next I looked for the conservation of
Alu elements. Several Alu elements present in the IGS are highly conserved and correspond
to various conserved regions. The high conservation of the Alu elements in the human IGS
suggests that they may have some biological role. Further, this also demonstrates that the

phylogenetic footprinting is able to identify conservation in the IGS.
2.3.7.1.5. Conservation of cdc27 pseudogene in apes

The phylogenetic footprinting demonstrate that cdc27 pseudogene is conserved in human
and apes but is absent in the monkeys (Figure 2.33). This is same as has been reported
previously by Gonzalez et al. (1993). The average identity of cdc27 pseudogene is 89.2%.
Recent studies have shown that the pseudogenes are not inert and have several biological
roles (Pink et al. 2011; Poliseno 2012; Johnsson et al. 2013). High conservation of the cdc27

pseudogene in human and apes suggests that probably they have some biological function.

O
o
o=
c
o

cdc27 pseudogene

100 ==
AN T cren TN e

ol v -

35 000 36 000 37 000

Figure 2.33: Sequence conservation plot for the cdc27 pseudogene.

Notations are the same as in Figure 2.31.
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Together, these functional elements account for four of the 53 conserved regions, suggesting

that the remaining conserved regions represent novel functional elements.

2.3.8. Search for potential functionality of conserved regions of unknown

function:

To proceed further, I focused on characterizing the conserved regions. I decided to cross-
reference RNA-seq and ChIP-seq data from the ENCODE project with the conserved regions
to obtain some indication on the potential function of these elements (Section 2.1.1).
Initially, six cell types were selected for the analysis: three cancerous cell types (A549,
K562, and HeLa-S3) and three noncancerous cell types (GM 12878, H1-hESC, and HUVEC)
(Table 2.3). Hepatocellular carcinoma cell type HepG2 was included in the analysis for

searching the long poly(A)+ transcripts from the IGS.

2.3.8.1. Conservation of transcriptionally active regions

To identify the potential transcripts from the IGS, I mapped RNA-seq reads from the
ENCODE project to the IGS. Data from ENCODE for cell types GM12878, H1-hESC,
HUVEC, K562, and HeLa-S3 were used for the RNA-seq analysis [long poly(A)- RNA-seq
data for A549 are not available in the ENCODE database]. To identify the long RNA
transcripts from the IGS I performed reference based RNA-seq assembly by mapping the
RNA-seq reads using STAR and assembling the mapped reads using Cufflinks for long
poly(A)+/- RNA-seq ENCODE data (Section 2.2.1.6.4). The assembly resulted in three long
poly(A)- RNA transcripts from GM 12878, two from HUVEC, two from HeLa-S3 and seven
from K562 (Figure 2.34) while no long poly(A)+ transcript was obtained for the IGS. The
transcripts were labelled corresponding to their cell type, followed by a transcript number.
The small RNA-seq data from ENCODE for cell lines GM12878, H1-hESC, HUVEC, K562,
and HeLa-S3 were mapped to the modified human genome assembly hgl9 using bowtie
(Section 2.2.1.6.4). The mapped reads of small RNA cannot be assembled because of only
initial 36 bp of the RNA transcripts are sequenced. To avoid background noise, signals with
a read coverage higher than five were considered as transcript peaks (Figure 2.34). The
obtained long poly(A)- transcripts and small RNA signals were then mapped to the IGS to
identify which transcripts derive from conserved regions. The transcripts transcriptye,-2 and
transcriptyss-6 corresponding to the conserved region conR-53 are antisense to the coding
region of the pRNA. Since these transcripts are present only in the cancerous cell lines but
not in the noncancerous cell types included in this study, it is possible, that their transcription
is restricted to cancerous cells. To further verify the presence of these transcripts in

cancerous cells, I mapped HepG2 long poly(A)- RNA-seq data to the human rDNA. The
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assembly gave five long poly(A)- RNA transcripts from HepG2. Similar to transcriptye,-2
and transcriptgse>-6 a transcript named transcriptye,g-5 obtained from the assembly is
antisense to the pRNA coding region. This suggests that this transcript is likely to be
cancerous cell specific. Although further, analysis is required to establish that the transcript

is cancerous cell specific.

Several other long poly(A)- transcripts that derive from conserved regions conR-34 to conR-
52 are present in all the cell types except HI-hESC. These long poly(A)- transcripts overlap
each other suggesting that conR-34 to conR-52 are transcribed to form a single long
noncoding RNA that is further processed to produce different RNA isoforms in a cell type
specific manner. However, it is also possible that each transcript is transcribed independently
in a cell type specific manner or a combination of the two, with some transcripts being
transcribed independently while others are isoforms of a long noncoding RNA transcript. A
strong peak of poly(A)+ small RNA is present in conserved region conR-26 in HI-hESC
cells. This peak is not present in any other cell types included in this study, indicating that

the corresponding transcript may be a specific feature of embryonic stem cells.
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2.3.8.2. Conserved regions as potential transcriptional regulators

The presence of several transcripts that originate from the human IGS implicates that
transcriptional regulators (promoters, enhancers and insulators) of these IGS transcripts are
present in the IGS and these may lie within the conserved regions. Therefore, to identify
potential transcription regulators in human IGS, I mapped ChIP-seq data from ENCODE for
various histone modifications and TFs for six cell types GM12878, H1-hESC, HUVEC,
K562, A549 and HeLa-S3 and then intersect these with the conserved peaks. The list of
factors I mapped is given in Table 2.1 and Table 2.2. All the replicates of selected histone
modifications and TFs were mapped to modified human genome assembly hgl9 using
Bowtie and peaks were called in the mapped data using MACS2 (Section 2.2.1.6). The
results of ChIP-seq mapping for embryonic cell HI-hESC is shown in Figure 2.35 while for
remaining cell types are shown in Appendix Figure 1 - Appendix Figure 5. The peaks for the
histone modifications associated with active transcription are distinct and sharp while those
associated with transcriptional repression are comparatively broad and merged together.
However, in HeLa-S3 cell type the histone modifications associated with active transcription
also have continuous peaks possibly representing a different transcriptional pattern. Based on
the positions of peaks for active histone modifications in difference cell types (excluding
HeLa-S3), the conserved regions were divided into two groups: 1) conserved regions that
have peaks of active histone modifications and 2) conserved regions with no peaks. Peaks for
active histone modifications span more than one conserved region regions and can be group
into three clusters depending on enrichment for histone modification and TFs as described

below:
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Cluster-1: This consists of conserved region conR-53. The cluster corresponds to the region
that transcribes pRNA and the transcripts antisense to the pRNA coding region that are
found in the cancerous cell types transcriptyer,-2, transcriptgse>-6 and transcriptyepg-5. The
conR-53 region shows enrichment for histone modifications that are associated with active
transcription. This includes peaks of H3K4me2/3 (associated with promoters), H3K9ac
(transcription initiation), and H3K27ac and H2A.Z (open chromatin) (Figure 2.36). Further,
this region also shows enrichment for TFs Pol II, UBF, ZNF143, c-Myc, and TBP and the
pattern differ among cell types. ZNF143 is known to be associated with both the Pol II and
Pol IIT machineries (Schaub et al. 1997; Schuster et al. 1998). Since in cluster-1 there is a
peak for Pol II but not Pol 11, it is likely that the ZNF143 in this region is associating with
Pol II. All the cell types, except GM 12878, have enrichment of transcription factor CTCF. It
has been previously reported that H3K4me2/3, H2A.Z and CTCF are enriched in the region
and are associated with the pRNA transcription (van de Nobelen et al. 2010). The
identification of a previously described chromatin state in cluster-1 demonstrates that this
approach is capable of identifying transcriptional regulators in the human IGS. Further,
peaks of certain histone modification and TFs show two separate or fused peaks in conR-53

indicating that region may have closely placed transcription regulators.
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Figure 2.36: Chromatin marks and TFs associated with conR-53.

Chromatin marks and TFs that are present in conR-53 from GM12878, HUVEC, H1-
hESC, A549, K562 and Hela-S3 cell types are shown, with each mark/factor in a
separate panel. Grey bars at the top of show the location of the conserved region.
The horizontal axis shows the positions (in bp) in the rDNA and the vertical axis
shows the normalized signal level for the chromatin mark.
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Cluster-2: This consists of conserved regions conR-23 to conR-31. This region shows
enrichment for chromatin marks and TFs for all cell types except the lymphoblastoid cell
type GM12878 (Figure 2.37). The specific enriched histone modifications and TFs are:
H3K4mel1/2/3, H3K09ac and H3K27ac (transcription initiation and open chromatin), CTCF
(insulator/promoter protein), and Pol-1I, UBF, ZNF143, c-Myc and TBP. A genome wide
mapping study has shown that H3K4mel is relatively more enriched than H3K4me2/3 at
enhancers, while H3K4me3/2 is relatively more enriched than H3K4mel at promoter (Barski
et al. 2007). Different cell types show different ratios of H3K4me1/2/3 suggesting that this
region may be acting as an enhancer or promoter depending on cell type. Although all cell
types show enrichment of factors in this cluster, the most significant peaks are for the
embryonic cell type HI-hESC and the leukaemia cell type K562. H1-hESC has higher
enrichment of H3K4me3 compared to H3K4mel together with open chromatin histone
modifications (H3K9ac and H3K27ac), indicating that region may be acting as a promoter in
this cell type. Further, HI-hESC is also enriched for Pol II and polymerase cofactor TBP,
suggesting that the region is potentially transcribed. Strikingly, the RNA-seq analysis
revealed a strong peak of short poly(A)+ transcripts in HI-hESC cells at conR-26 that
coincide with the enrichment of factors in this region. Together these results suggest that this
region is transcriptionally active, conserved, and being driven by an active chromatin
structure around these regions. The alveolar carcinoma cell type A549 shows a higher
enrichment of H3K4me2/1 than H3K4me3 as well as with open chromatin histone
modifications (H3K9ac and H2A.Z). These features suggest that this region may be acting as

enhancer in this cell type.
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Figure 2.37: Chromatin marks associated with conR-23 to conR-31.

HUVEC

HI-hESC —— K562

HeLa-s3 A549

Chromatin marks and TFs that are present in conR-23 to conR-31 from HUVEC,
H1-hESC, A549, K562 and Hela-S3 cell types are shown, with each mark/factor in
a separate panel. Grey bars at the top of show the location of the conserved region.
The horizontal axis shows the positions (in bp) in the rDNA and the vertical axis
shows the normalized signal level for the chromatin mark.
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Cluster-3: This consists of conserved region conR-16. In the embryonic stem cell type H1-
hESC, this cluster has a higher enrichment of H3K4me3/2 than H3K4mel (Figure 2.38).
Genome wide mapping studies have shown that higher enrichment of H3K4me3/2 over
H3K4mel is found around promoters, suggesting that cluster 3 may acting as poised
promoter in the H1-hESC cell type. Further, this cluster shows enrichment of factors
associated with the polymerase machinery i.e. TBP, Pol II and ZNF143, as well as CTCF,
providing further evidence that it may be behaving as a promoter. In alveolar cancerous cell
A549, the cluster has enrichment of H3K4me2 than H3K4me1/3, suggesting that cluster-3
may act as silent promoter in the A549 cell type. Interestingly however, no transcript was
found in the region around cluster-3 in the RNA-seq assembly, therefore the role of this

region remains unclear.
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Figure 2.38: Chromatin marks associated and TFs with conR-16.

Chromatin marks and TFs that are present in conR-16 from HUVEC, H1-hESC and
A549 cell types are shown, with each mark/factor in a separate panel. Grey bars at
the top of show the location of the conserved region. The horizontal axis shows the
positions (in bp) in the rDNA and the vertical axis shows the normalized signal
level for the chromatin mark.

2.3.8.3. Origin of replication

The presence of origin of replication in the human IGS has been reported by various studies
(Coffman et al. 1993; Little et al. 1993; Gencheva and Russev 1996; Coffman et al. 2006;
Dimitrova 2011). However, the position of origin of replication was found variable in these
studies and therefore the exact position of origin of replication in the IGS is not known. To
identify the position of the potential origin of replication in the IGS, I mapped ORC (origin
replication complex) ChIP-seq data for the HeLa-S3 cell type to the rDNA and looked for

overlap in the conserved regions. The data used for the analysis are from the study by
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Dellino et al. (Dellino et al. 2013). The data show two prominent peaks: one spans conR-1, 2
and 3 while the other is in conR-53 (Figure 2.39). Both peaks are consistent with the finding
of Gencheva et al. (Gencheva and Russev 1996) where they have reported the presence of an
origin of replication near to the rDNA promoter, which corresponds to conR-53 and another
in the region next to the terminator which corresponds conR-1 to conR-3. Further, a small
third peak for ORC around conR-24 and conR-25 is also present and a potential candidate of

an origin of replication.
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2.3.9. Transcription machinery associated with the rDNA

Although the rDNA is transcribed by Pol I, an increase in the number of transcriptionally
active TDNA copies can lead to Pol II transcription in the human rDNA (Gagnon-Kugler et
al. 2009). Since cancerous cells are marked by increases in the number of active rDNA units
(Maggi and Weber 2005; Bywater et al. 2012) it is possible that other polymerase
machineries may also be transcribing the rDNA. To search whether Pol II and Pol III also
play a role in the transcription of the human IGS, I performed ChIP-seq mapping using data
for Pol II, Pol III and associated cofactors. ChIP-seq mapping of Pol Il shows distinctive
peaks in the different cell types. In the embryonic cell type H1-hESC, the Pol II is associated
with conserved regions conR-16, conR-53, and conR 23-31, while in epithelial HUVEC and
leukaemia K562 cells, and the Pol II peaks are restricted to conR-53 (Figure 2.36). In HeLa-
S3, Pol II has closely placed peaks that overlap to several conserved regions of the IGS. The
ChIP-seq data for Pol III together with associated cofactors Bdpl, Brfl and Brf2 were
mapped to the rDNA. Peaks for Pol III are restricted to the cdc27 pseudogene and the
regions that contains Alu20, that is present upstream of the cdc27 pseudogene (Figure 2.40)
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2.4. Discussion

The highly repetitive structure of the human rDNA imposes a challenge to demarcate the
potential functional elements in the IGS. In this work, I have combined phylogenetic
footprinting with RNA-seq assembly and ChIP-seq data for chromatin markers to identify
the potential functional elements in the human IGS. To initiate the analysis I constructed six
primate rDNA sequences using WGA and compared them with the human rDNA to identify
conserved regions in the human IGS. This analysis has provided a comprehensive dataset for
potential candidates of the functional elements in the human IGS. The analysis identified the
known functional elements, including the rtDNA promoter, terminator, and protein binding
sites as highly conserved regions (Section 1.4.3) demonstrating that the technique is capable
of identifying functional elements. Overall 53 conserved regions (named as conRs; Section
2.3.7) were identified in the IGS. The RNA-seq assembly identified several transcripts that
overlap with the conserved regions (Section 2.3.8.1). Since, chromatin structure helps to
determine the functional characteristics of a genomic region, potential functions of the
conserved regions were searched for by mapping publically available, ENCODE ChIP-seq
data for a variety of histone modifications and TFs to the human rDNA. This identified three
clusters that act as potential transcription regulators in the human IGS (Section 2.3.8.2). The
pairwise comparison between the Alu elements of human and primates together with
phylogenetic footprinting analysis also demonstrated high conservation of Alu elements in
the IGS indicating they may have a functional role. Overall, this study demonstrates that the

human IGS contains several potential functional elements but further experiments are

required to characterize them.Potential transcripts and transcription regulatory

elements in the human IGS

Integrating the transcripts identified from RNA-seq analysis and the enrichment of histone
modifications and transcription factors with the level of sequence conservation revealed two
potential functional hotspots in the human IGS. The chromatin profiling revealed three
regions enriched in active histone modifications in the IGS corresponding to a region near to
the promoter (Cluster-1) and a second region in the middle of the IGS (Cluster-2), together
with a cell type specific enrichment in HI-hESC (Cluster-3). These results are the same as
reported by Zentner et al. (2011) using four cell types (H1-hESC, HUVEC, K562 and
NHEK) despite the difference in experimental protocols. Zentner et al. (2011) mapped the
reads without trimming the low quality ends and used the tool F-seq (Boyle et al. 2008) to
call the peaks, while I trimmed the low quality reads, filtered the short reads, and used the
tool MACS2 (Zhang et al. 2008) to call the peaks. The reproducibility of results despite the
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differences in the strategy used to prepare the reads for aligning and the underlying
algorithm of the tool used to call the peaks between the two studies suggests that the
enrichments reported here are rigorous and are not an artefact of the tools used. The first
functional hub is just upstream of the rDNA promoter and is represented by conR-53. The
most striking feature of this hotspot is the presence of a transcript in all cancerous cell types
included in the study. This transcript is antisense to the coding region of the pRNA
transcript. The pRNA transcript plays a crucial role in the silencing of rDNA units by
recruiting the nucleolar remodelling complex (NoRC) to the promoter region (Mayer et al.
2006; Mayer et al. 2008). In many cancerous cells, the demand for protein and consequently
ribosomes is high as a result of increased proliferation (Hadjiolov 1985; Montanaro et al.
2008). To meet the high demand for ribosomes the number of active rDNA units increases to
produce more rRNA. The role of the pRNA in repressing rDNA transcription suggests that if
it is prevented from recruiting NoRC, the number of active rDNA units will increase. Recent
studies have revealed the role of antisense transcripts of several genes in regulating the level
of expression by sense-antisense RNA pairing (Yelin et al. 2003; Katayama et al. 2005a;
Faghihi and Wahlestedt 2009; Werner 2013). Therefore, I propose that the antisense
transcript I identified here forms an RNA-RNA duplex with the pRNA, and this prevents
pRNA from recruiting NoRC to the rDNA. The outcome of such a system would be an
increase in the number of active rDNA copies and this is consistent with my observation that
this antisense transcript is only present in the cancer cell types assayed here. In support of
this, Hwang et al. (2011) have shown that production of a transcript that is antisense to the
coding region and the IGS across the promoter region increases the 47S rRNA concentration
in lung cancer cells. Therefore, there may be a system of sense-antisense noncoding RNAs,
including the pRNA/antisense transcript described in this thesis that control the
transcriptional activity of the rDNA.

The second functional hotspot in the IGS is represented by cluster-2 (conR-26 to conR-29).
The most interesting feature associated with this region is the presence of a novel small
poly(A)+ transcript in the H1-hESC cells that is absent in other cell types. While the function
of this transcript in human is unknown it is interesting to note that in mouse 6.76% of rDNA
units are methylated in embryonic stem cells compared to 22.57% in embryonic fibroblasts
(Zheng et al. 2012). Therefore, I suggest that one possible function of the small poly(A)+
transcript from the region in HI-hESC could be prevention of methylation of rDNA units.
The mechanism by which this transcript may prevent methylation of rDNA units in
embryonic cells might be similar to the way that the pPRNA promotes acetylation of promoter
regions by facilitating binding of NoRC. Interestingly, in contrast to all the other cell types
included in this study, H1-hESC does not have any long poly(A)- transcripts from the IGS.
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This cell line does have a small poly(A)+ transcript from cluster-2 specific to it. The
presence of a small poly(A)+ transcript but absence of the long poly(A)- transcripts from the
IGS in HI-hESC suggests that expression of the identified small poly(A)+ and the long
poly(A)- transcripts may have a reciprocal relationship. Further, less H3K4me3 in other cell
types compared to HI-hESC suggests that cluster-2 may be epigenetically suppressed in
different cell types and probably does not transcribe this small poly(A)+ transcript following

embryonic stem cell differentiation .
2.4.2. Cdc27 pseudogene as potential regulator

The cdc27 pseudogene present in the human IGS is highly conserved among the apes
(section 2.3.7.1.5 and Figure 2.31) suggesting it may have a functional role. The CDC27
gene itself encodes a subunit of the anaphase-promoting complex (APC) (Tugendreich et al.
1993). The APC is well studied in yeast and is highly conserved across the eukaryotes. It is
involved in three different stages of the cell cycle: a) it facilitates the separation of sister
chromatids at the metaphase-anaphase transcription; b) it promotes the exit from mitosis at
the end of anaphase; and c) it prevents premature entry into S-phase by regulating the
proteins involved in the progression of the cell cycle (Thornton et al. 2006). Cdc27 is
involved in these different stages of APC regulation by promoting interactions between the

other APC components (Tugendreich et al. 1995).

For long time it has been thought that pseudogenes are inactive, and they have been
considered to be a source of transcriptional noise (Li et al. 1981; Harrison et al. 2005).
However, recent studies have shown that pseudogenes are not necessarily “junk DNA” but
can play regulatory roles (Pink et al. 2011; Poliseno 2012). For example, transcripts from the
pseudogenes of several genes, including PTEN, OCT4, NANOG and Jun, act as
transcriptional and post-transcriptional regulators of their parent genes (Pain et al. 2005;
Poliseno et al. 2011; Poliseno 2012). Furthermore, pseudogenes are also known to have
isoforms that have different functionalities (Johnsson et al. 2013). The RNA-seq assembly I
performed identified transcripts from the cdc27 pseudogene region in GM12878, HUVEC,
K562 and HepG2. The function of this transcript is unknown. I propose that the rDNA cdc27
pseudogene transcripts may regulate the level of ¢dc27 protein and thus alter the behaviour
of the APC. This assumption is based on the role of pseudogene transcripts in regulating
other genes, and on the conservation of cdc27 pseudogene in the primate rDNA. The
transcripts identified from the cdc27 pseudogene in the RNA-seq assemblies differ between
cell types, therefore these isoforms may have cell type specific functions in regulating the
APC. However, experimental testing is required to establish the role of the rDNA cdc27

pseudogene transcript. A RT-PCR based heteroduplex screening assay identified a transcript
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from the cdc27 pseudogene to be present in colon cancer cells (Wang et al. 2003). One
possibility is that this transcript and the one found in this study from the RNA-seq assembly
that corresponds to the IGS cdc27 pseudogene is the same. Since, the sequence of the
transcript reported by Wang et al. was not reported, it cannot be ruled out that this transcript
is from one of the two other cdc27 pseudogenes that are present on chr 2 and chr Y. The
length of cdc27 pseudogene in the human rDNA is 1,951 bp. In comparison, the pseudogene
on chr 2 is 774 bp and is 90% identical to the rDNA pseudogene, while the chr Y cdc27
pseudogene is 1,921 bp and is 88% identical to the rDNA pseudogene. This level of
sequence identity means it is possible to distinguish among potential transcripts from these
three different regions (rDNA, chr 2 and chr Y). Considering the stringent mapping
parameters used in this study for the RNA-seq assembly, it is unlikely that the reported

transcript is from the cdc27 pseudogenes on chr 2 and chr Y.

2.4.3. RNA Polymerase Il and 11l machineries are associated with the
human IGS

ChIP-seq mapping of Pol II in this study shows distinct peaks of Pol II enrichment in the IGS
of embryonic HI-hESC cell and umbilical vein endothelial HUVEC cell while HeLa-S3
have closely placed peaks of Pol II that cover a large portion of the IGS. Together, these
results indicate that Pol II may also be involved in the transcription of regions in the IGS,
and that the activity of Pol II varies between different cell types. It has been previously
reported by Bierhoff et al. (2010) that Pol II transcribes a region antisense to the mouse
rDNA coding region, extending ~4 kb into the IGS in the rDNA promoter region. The
presence of this antisense transcript was also reported in human Hela-S3 and HaCat cell
types suggesting that Pol II potentially transcribes an antisense rDNA transcript in human as
well (Bierhoff et al. 2010). The identification of enrichment of the Pol II in the IGS strongly

suggests that Pol II may also transcribe certain regions of the human IGS.

The human IGS contains a number of Alu elements and some of them are highly conserved.
Since Alu elements are transcribed by Pol III (Deininger 2011), I mapped the data for Pol 111
and associated cofactors (Bdpl, Brfl and Brf2) from Hela-S3 and leukaemia K562 cells to
the tDNA. The peaks for enrichment of Pol Il and associated factors in the IGS are
restricted to the cdc27 pseudogene and Alu20 (located just upstream of the cdc27
pseudogene), suggesting there is region-specific activity of Pol III. However, the enrichment
for Pol III is very weak suggesting its contribution to transcribing the human IGS is minor.
Previously it has been reported that in budding yeast all three Pol machineries transcribe
different regions of the rDNA. Pol I and Pol III have their canonical roles of transcribing 35S
and 5S rRNA respectively (Kassavetis et al. 1990; Paule and White 2000), while Pol II
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transcribes various noncoding transcripts in the IGS (Houseley et al. 2007; Mayan 2013).
Compared to budding yeast, the roles of the three Pol machineries in the human IGS have
not been explored in detail. The ChIP-seq mapping results presented in this chapter reveals
that not just Pol I but also the other two RNA polymerase machineries may be associated
with the human IGS. However, it is not possible with these ChIP-seq data to determine if Pol
II and Pol III are associated with human rDNA units that are localized in the nucleolus or

outside the nucleolus in inactive NORs.
2.4.4. Potential origin of replication in IGS

Several organisms, including budding yeast, fission yeast and mouse, have had a defined
origin of replication identified in their IGS (Linskens and Huberman 1988; Gogel et al.
1996; Sanchez et al. 1998). However, for humans the position of the rDNA origin of
replication is not well established. Different studies have shown various positions, from the
promoter region to the entire rDNA, as potential sites of origin of replication activity in the
human rDNA. The inter-origin spacing in the human genome is ~30 kb (Guilbaud et al.
2011) and since the human rDNA repeat units are ~43 kb in length, we might expect each
rDNA unit to contain an origin of replication. The demarcation of origin of replications in
human is difficult because human origins lack a fixed sequence pattern for origin of
replication complex binding. ChIP-seq data for ORC from HeLa-S3 cells show peaks around
conR-53 (near to the promoter) and around conR-1, 2 and 3 (near to the terminator) (Figure
2.39) which suggest that these regions might be acting as an origin. Conserved region conR-
53 corresponds to the region transcribing pRNA and antisense transcripts. A recent genome
wide mapping study of ChIP-seq data for ORC from Hela-S3 cells has shown that in human,
regions where ORC binding coincides with transcriptionally active regions are more likely to
fire as an origin (Dellino et al. 2013). Additionally an association between Pol II and ORC
has been found in budding yeast, suggesting that Pol II may help to recruit ORC (Mayan
2013). All together i.e. the presence of Pol II along with the transcription of pRNA and
antisense from the conR-53 region supports that the region may acting as an rDNA origin of
replication. Overall, this supports the results of Gencheva et al. (1996) who found that the

rDNA origin of replication is located in the IGS near to the promoter and terminator.

2.4.5. CTCF association is not restricted near to the rDNA promoter but

also present in the other regions of the 1GS

I also searched for association of CTCF in the IGS. The results show enrichment of CTCF at
the promoter region as previously reported (van de Nobelen et al. 2010; Zentner and

Scacheri 2012). However, I also identified three new regions of enrichment that correspond
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to cluster-2, cluster-3 and a region around ~38.5 kb - ~39.5 kb in the IGS. The CTCF
association with IGS shows variation among the cell types (Figure 2.35; Figure 2.11-Figure
2.13). This suggests that CTCF plays a dynamic role depending on the cellular conditions.
The presence of CTCF in other regions of the IGS suggests that its role is not restricted to
rRNA transcriptional regulation, and therefore I proposed that the CTCF has a broader role

in the regulation of IGS transcription as well.
2.4.6. Conservation of Alu elements in the primate rDNA

The pairwise comparison between the Alu elements (Section 2.3.6.4) in the IGS shows that
some of the Alu elements are more conserved then the others in the primates. The high
conservation of some Alu elements suggests these Alus may have some function. It is
unlikely that this Alu conservation results from their reverse transcription activity, as this
should apply to all the Alus in the IGS. Table 2.17 and Figure 2.31 show that the level of
conservation is not the same across all Alus present in the human IGS, with only a few Alus
being conserved across the apes and monkeys. This suggests that these conserved Alus are

likely to be subject to selective constraint.

The role of these highly conserved Alu elements is elusive. Studies have shown that more
Alu elements are enriched in alternatively spliced internal exons from the human genome
(Sorek et al. 2002). Therefore, one possible role of the Alu elements could be alternative
splicing of IGS transcripts. The RNA-seq assembly identified transcripts from several cell
types that span several Alu elements (Figure 2.34). Some of these transcripts overlap each
other between the cell types, suggesting that these transcripts may be alternatively spliced,
depending on the cellular conditions. The presence of Alu elements in these transcripts is
consistent with the involvement of these Alu elements in the alternative splicing of the IGS
long poly(A)- transcripts. A possible example of an alternatively spliced transcript that spans
a conserved Alu is the three transcripts from the leukaemia cell type K562 (transcriptyses-3,
transcriptyse-4 and transcriptgse;-5) and a transcript from the endothelial cell type HUVEC
(transcriptyyvec-2) that overlap each other (Figure 2.34). Since these transcripts are from the
same region, it is possible that they are alternatively spliced, and interestingly conserved Alu

elements are present on the 5° end of both transcriptyss;-4 and transcriptyses-5.
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2.4.7. The limitations of ENCODE data to predict the function of the
rDNA IGS

The ENCODE project has provided a massive set of genomic resources that includes ChIP-
seq data for various chromatin modifications and transcription factors, and transcriptome
data for various cell types. The data is publically accessible and provides an opportunity to
identify potential transcripts and transcription regulators from unexplored regions of in the
human genome. Since the project includes data for several chromatin modifications and
transcription factors, an integrative study can be perform to study the association of the
various factors in any region of the human genome. By using various cell lines representing
different tissues it is possible to study the variation in the association of different epigenetic
factors among different tissues. Further, the data also provide the opportunity to identify
novel cancer cell markers by performing comparative analysis between cancerous and non-

cancerous cell types.

However, care must be taken when attempting to interpret biological function from
ENCODE project data. One of the biggest drawbacks of the ENCODE data is that they are
from primary or immortalized cell types that are cell types from the tissue samples from
different individuals that have been modified to keep them viable in laboratory conditions,
including growth in culture media, that do not mimic the cellular conditions inside a human
body. The association of different regulatory epigenetic factors to a genomic region varies
depending on the cellular and other environmental conditions (Koch et al. 2007; Dunham et
al. 2012). Therefore it is possible that transcripts and the epigenetic factors corresponding to
a genomic region that were identified using ENCODE data is an effect of the laboratory
conditions. Of relevance here, the activity of the rDNA varies depending upon the cellular
conditions (Mayer et al. 2005; Drygin et al. 2010), therefore some of the IGS transcripts and
transcriptional regulators identified in this study may be artefacts of the laboratory
conditions. To rule out the influence of the laboratory conditions, further in vivo

investigations will be required to verify the identified transcripts and regulators.

The results characterizing the human rDNA IGS using ENCODE data described in Sections
2.3.8.1 and Section 2.3.8.2 have limitations because of the presence of multiple copies of the
rDNA units. Based on their transcriptional activity rDNA units can divided into two states:
active and inactive (Section 1.5). Further, active rDNA units can be either transcriptionally
active or poised to be active (Hamperl et al. 2013). The sequences of the rDNA units are
nearly identical to each other and therefore it is not possible differentiate signals between
different rDNA units. Thus, the chromatin and transcriptional landscape of the human IGS

described in this study is the consensus of all the active and inactive rDNA units. Since it is
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not possible to differentiate these different states based on sequences, it is difficult to
correlate between peaks for epigenetic factors associated with different transcription states

that coincide at the same position in the IGS.

In addition, it is difficult to estimate the signal-to-noise ratio for ChlP-seq data where a
histone modification or transcription binding factor is associated with only a few rDNA units
and therefore the signal peak is very small. Thus, ENCODE analysis gives an indication of
the probable function of a region in the IGS and more sophisticated experiments that can

differentiate rDNA repeats will be required to assign function to the region.

2.4.8. Comparison between the human and the yeast IGS phylogenetic

footprinting analysis

Similar to the human IGS study, phylogenetic footprinting analysis has been reported
previously for 6 Saccharomyces species (Ganley et al. 2005). Similar to the human IGS
several conserved regions representing potential functional elements are present in the
Saccharomyces IGS. Although, sequence identity between human and yeast is negligible yet,
some of the identified conserved regions in yeast and human have similar function. Similar
to the IGS of Saccharomyces species the rRNA promoter is highly conserved among the
primates. Another functional region conserved in the IGS of Saccharomyces species is the
origin of replication. The potential origin of replication sites identified in the human IGS
using ORC ChIP-seq data are also conserved among the primates, although the function of
these sites still needs to be verified. This demonstrates that despite of no sequence
conservation the function associated with the IGS remain conserved between yeast and
human. It is highly probable that other identified potential functional elements in the yeast

and human have similar function.

2.4.9. Correlation between the increase size of the I1GS and evolution of

amniotes

In human and other amniotes the nucleolus is tripartite (Lamaye et al. 2011). Lamaye et al.
(2011) have shown that the transition from bipartite to tripartite nucleolus occurred between
the turtles and lizards, and coincides with the emergence of amniotes. The factors facilitating
this transition are not known. The IGS size in the non-amniotes is ~2-3kb which is thought to
be increases up to ~30kb in amniotes (Thiry and Lafontaine 2005). Thiry and Lafontaine
(2005) have proposed the hypothesis that the transition from the bipartite to tripartite
nucleolus is related to the increase in the IGS size. To test this hypothesis it is important to

know when the increase in size of the IGS occurred and if the increase was gradual or there
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was a sudden jump in the IGS size. However, because of the absence of the complete rDNA
sequences in the database for most of the organisms including turtles and lizards it is not
possible to verify this assumption. Complete rDNA sequences of different organisms
including turtles and lizards to identify will be required to study the change in the size of the
IGS during the evolution. The phylogenetic footprinting study of the human IGS
demonstrates that several potential functional regions are present in the region. Further,
integration of ENCODE analysis provides evidence that some of the identified functional
regions are potentially transcribed. The function of identified novel transcripts from the
human IGS is not known. It is possible that the identified transcripts are amniotes specific
and probably have role in the development of amniotes-specific features. However, in the

absence of sequence it is difficult to verify this hypothesis.

The integration of the evidence from different sources has identified a variety of potentially
functional elements in the human IGS, including RNA transcripts, potential non-coding
RNA promoters and an origin of replication. It also identified two potential functional hubs
in the IGS as well as cell type specific functional regions. Further investigation will be
required to delineate the functions of these regions. In concise, this study provides a

comprehensive dataset of the potential functional elements in the human IGS.

115



[Blank page]

116



Chapter 3

Characterization of the regions
surrounding the human rDNA array: The
human rDNA flanking regions

117



[Blank page]

118



3.1. Introduction

Completion of the human genome project is one of the major achievements of the biological
sciences. It has provided the reference sequence of the human genome that has facilitated to
a better understanding of human biology. However, despite the much publicized fact that the
human genome sequence is complete it contains several significant gaps that still need to be
filled (Eichler et al. 2004). One of the most prominent gaps is the absence of the short arms
of all five acrocentric chromosomes (chr 13, chr 14, chr 15, chr 21 and chr 22). In human,
the short arms of all the acrocentric chromosomes contain nucleolar organizer regions
(NORs) (Henderson et al. 1976). Each NOR consists of the rDNA array and the region
surrounding the rDNA array, which we term the rDNA flanking regions. The NOR is the site
of nucleolus formation, and the nucleolus is the site of ribosome biogenesis, which plays a
critical role in cell survival. After the end of cell division, small nucleoli are formed around
the NORs, which are later fused to form a nucleolus. This process is known as nucleolar
fusion. The number of nucleoli in a cell usually varies between one and three (Anastassova-
Kristeva 1977). The function of the nucleolus as a ribosomal factory has been studied in
detail. However, in contrast far less is known about the underlying genomic sequence around

which the nucleolus is formed.
3.1.1. The rDNA flanking regions sequences

The sequences of the rDNA flanking regions have been identified in the lab of Prof. Brian
McStay (NUI, Galway, Ireland). To do this, they identified cosmids and BAC clones from
the rDNA flanking regions by screening chromosome specific cosmid libraries and GenBank
using the 8.3 kb distal flanking sequence identified by Gonzalez and Sylvester (Gonzalez
and Sylvester 1997) and the 493 bp proximal flanking sequence identified by Sakai et al.
(1995) (Section 1.6). They identified three cosmids (LA13 133H12 [chr 13], LA14 138F10
[chr 14] and LA15 64C10 [chr 15]) from the distal flanking region and four cosmids (LA13
165F6 [chr 13], LA14 101B3 [chr 14], LA15 25H3 [chr 15] and N 29M24 [chr 22]) from the
proximal flanking region. They sequenced the LA14 138F10 distal region cosmid and the N
29M24 proximal region cosmid using the Sanger platform, and then used these sequences as
queries to screen the GenBank database to identify BAC clones from the rDNA distal and
the proximal flanking regions. The sequences of the flanking regions were then extended by
BAC walking (searching overlapping BAC clones using BAC from the previous search)
using BLAST. They identified 15 BAC clones (Accession no. AL592188, AL353644,
CT476834, CT476837, CU633904, CU633906, CU633967, CU633971, CU634019,
CU638689, FP236241, FP236315, FP236383, FP671120 and AC011841) from the distal
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flanking region and three BAC clones (Accession no CR392039, CR381535 and AL354822)
from the proximal flanking region. Further, they verified the positions of several of these
BAC clones relative to the rDNA array using rDNA and BAC clones as probes for
fluorescent in situ hybridization (FISH). BAC clone AC011841 is annotated in GenBank as
being from chr 17 but the McStay lab FISH results using AC011841 as probe show that it is
not from chr 17 but from an acrocentric chromosome short arm and is located in the distal
rDNA flanking region. Lyle et al. (2007) had previously reported that the BAC clones
CR392039 and CR381535 are from the rDNA proximal region, but had placed these midway
between the rDNA array and the centromere rather than adjacent to the rDNA. This work is
all described in Floutsakou et al. (2013). The identification of these BAC clones and cosmids
from the distal and proximal flanking regions provides the opportunity to explore the rDNA

flanking regions and to identify potential functional elements present within them.
3.1.2. Experimental strategy to characterize the rDNA flanking regions

To characterize the rDNA flanking regions I designed three analysis phases (Figure 3.1).
Sakai et al. (1995) have reported the proximal-rDNA junction position at position 6,229 in
ITS-1 on chr 15, chr 21 and chr 22 (Section 1.6). However, they were not able to identify the
same junction in chr 13 and chr 14, suggesting that the proximal-rDNA junction position is
not constant among the chromosomes. Further, in the same study the proximal junction in
ITS-1 in chr 21 was found in one cell type but not another, suggesting that the proximal
junction position may vary between individuals and/or among different tissues of an
individual. Therefore, in the first analysis phase I decided to verify the known proximal-
rDNA junction position and search for other potential junction positions using three different
data sources (Section 3.3.1). First, to ensure that the proximal junction sequences do actually
adjoin the rDNA array and are not just rDNA fragments duplicated elsewhere in the genome,
I extended the length of rDNA sequence linkage with the proximal junction position using
cosmids identified by the McStay lab. Second, to search for further evidence of the proximal
junction position I designed a mapping based pipeline that uses BAC clones and cosmids
from the proximal flanking region as reference sequences to identify WGS reads that span
the rDNA junction position. Third, identified junctions were verified by PCR amplification.
The restriction map of region around the distal-TDNA junction position is constant among all
the five acrocentric chromosomes (Worton et al. 1988) and therefore distal-rDNA junction
position at 39,029 also thought to be conserved among the acrocentric chromosomes.
Therefore, to search if the distal junction position in the rDNA is constant among all five
acrocentric chromosomes | decided to perform the distal-rDNA junction verification using

same strategy as for the proximal junction position (Section 3.3.1).
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Worton et al. (1988) demonstrated that the distal flanking region is conserved among the
acrocentric chromosomes by comparing restriction maps from the distal region. Further,
Gonzalez and Sylvester (1997; 2001) have reported that the distal region is conserved among
the acrocentric chromosomes by amplifying regions near to the distal junction position.
However, none of these studies has been able to quantify the level of inter-chromosomal
sequence conservation. Therefore, in the second analysis phase I set out to quantify the level
of intra- and inter- chromosomal sequence conservation of the rDNA distal and proximal
flanking regions by comparing the overlapping regions of BAC clones and cosmids

sequences from the same and different chromosomes (Section 3.3.2).

The lack of extensive tDNA flanking region sequences until now has meant that the
sequence characteristics of these regions are not known. Therefore, in the third analysis
phase I decided to construct representative consensus sequences for the distal and the
proximal flanking regions using the BAC clones identified by the McStay lab (Section 3.3.3)
and used these representative sequences to determine the repeat content, segmental

duplicates and putative genes in the flanking regions (Section 3.3.4).
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3.2. Material and Methods

3.2.1. Sequencing and assembly of distal-rDNA and proximal-rDNA

junction cosmids

Indexed libraries were prepared from individual cosmids using a Nextera'” DNA sample
prep kit and Nextera™ barcodes (Epicentre NGS). NGS was performed on an Illumina
Genome Analyzer IIx, using 54 bp singleton processing (Ambry Genetics, USA). The low
quality ends of reads were trimmed with a quality score cutoff of 13 using DynamicTrim and
shorter reads were removed with a length cutoff of 25 bp using LengthSort, both a part of the
SolexaQA package (Cox et al. 2010). Cosmid sequences were assembled using Abyss v1.2.7
(Simpson et al. 2009). Velvet v1.101 (Zerbino and Birney 2008) was used to refine the
assemblies obtained from Abyss. Different values for parameter k-mer size (-k) and
minimum mean k-mer coverage of a unitig (-c) were used for Abyss to obtain the optimum

assembly for the different cosmids, as follows:

LA13 165F6: ABYSS -k 35 ¢ 88 -¢ 2 -0 LA13 165F6 assembly.fasta LA13 165F6
NGS_data.fastq

LA14 101B3: ABYSS -k 35 -¢ 99 -¢ 2 -0 LA14 101B3 assembly.fasta LA14 101B3
NGS_data.fastq

LA15 25H3: ABYSS -k 35 -¢ 75 -e 2 -o LAI1S5 25H3 assembly.fasta LAI5 25H3
NGS_data.fastq

N 29M24: ABYSS -k 35 -c 114 -e 2 -0 N29M24 assembly.fasta N29M24 NGS_data.fastq

LA13 133H12: ABYSS -k 35 -¢ 100 -e 2 -0 LA13 133H12 assemlby.fasta LA13 133H12
NGS_data.fastq

LA15 64C10: ABYSS -k 35 ¢ 200 -e 2 -0 LA15 64C10 _assembly.fasta LA15 64C10
NGS_data.fastq

3.2.2. Sequence mapping based screen for proximal-rDNA junctions

A five step mapping method was designed to identify reads in WGS data that are from

putative proximal-rDNA junction positions (Figure 3.2):

1) WGS data are mapped to the reference sequence

2) Reads partially mapping to the flanking region are mapped to the rDNA
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3) Reads mapping to the rDNA and flanking region are clustered according to their position
in the reference sequence
4) Reads from the clusters are filtered

5) Search for the junction in the trace archive database

Junction reference sequence rDNA
[ — |

Partial
mapped
reads

Steps 1 & 2: Read Mapping

Step 3: Clustering

Step 4: Cluster Filtering

[ Final clusters representing
— the putative junction(s).

Step 5: Representative consensus sequences

Figure 3.2: Workflow for junction verification mapping pipeline.

Steps 1 & 2: Whole genome shotgun reads (lines) were mapped to the flanking
region reference sequence (orange box) and to the rDNA (grey box) with cut-offs
of 95% identity and 100 bp minimum alignment length. Step 3: Partially mapped
reads that matched both the reference sequence and the rDNA (orange-grey
hybrid lines) were clustered according to their position on the reference sequence.
Step 4: Clusters were filtered using criteria described in Section 3.2.2.3. Step 5:
Cluster sequences were made for each of the resulting clusters.
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3.2.2.1. Data Acquisition

Human WGS data from The Center for Applied Genomics (CRA) were downloaded from
the Ensemble trace archive (currently available through the NCBI trace archive using the
query: species_code="HOMO SAPIENS" AND CENTER NAME = "CRA" AND
STRATEGY ="WGA"). All 27,944,655 reads were used for the analysis.

3.2.2.2. Reference sequence preparation

To search for the proximal-rDNA junctions in all five acrocentric chromosomes, the four
proximal region cosmids and the BAC clone CR392039 (with the rDNA sequence trimmed
off) were used as reference sequences (Table 3.1). The distal BAC clone AL353644 and
GenBank sequence U13369 were used as the reference sequences for the distal region and

the human rDNA respectively.

Table 3.1: The part of the flanking region reference used for mapping the WGS
reads.

Flanking reference sequence | Reference coordinates used for mapping
LA13 165F6 (13) 1-20,193
LA14 101B3 (14) 1-27,432
LA15 25H3 (15) 1 - 35,460
N 29M24 (22) 1-32,522
CR392039 (21) 1-155,929
Distal contig 1 -379,046

3.2.2.3. Pipeline

The steps described below were repeated for each flanking reference sequence individually:

Step 1: Reads were mapped to the flanking reference sequence using 95% identity and 100
bp minimum alignment length as the cut offs. All reads were considered as single end reads
during the mapping. gsMapper v2.3 (454 Roche) was used for mapping. Reads with “Partial”
mapping status from the “454ReadStatus.txt” output file were selected from the mapped
reads for the next step (the term “Partial” is used in gsMapper to denote reads that only a part

maps to the reference sequence).

Step 2: The partially mapped reads obtained from step 1 were then mapped to the human
rDNA. Reads that partially mapped to the rDNA with 95% identity and 100 bp minimum

alignment length were selected.
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Step 3: Reads that partially mapped to both the flanking region reference sequence and the
rDNA (in steps 2 and 3) were clustered together according to their mapped position in the
flanking region sequence. The flanking region sequence was divided into partially

overlapping bins, and the reads were placed into these bins.
Step 4: Reads were removed if they fell in one of the following categories:
a) Same region of the read is mapped to both the flanking and rDNA sequences.

b) Entire read does not match across the potential junction point i.e. only part of the read

aligned to the junction regions.
c) Entire read also matches another region of the human genome.
d) There is only one read in the cluster.

Step 5: To check that the potential junction sequences found are not restricted to one
sequencing center, the cluster sequences that remained from step 4 were used to search
complete human whole genome sequencing data present in the NCBI trace database. This
includes all reads submitted by the different sequencing centers, including the CRA dataset.
All read hits that were found across the junctions were end-trimmed using quality scores (as
BLAST does not take quality score into account) and BLAST (Altschul et al. 1990)

performed again to the respective reference sequences.

3.2.3. PCR amplification of the proximal-rDNA and distal-rDNA

junction positions

3.2.3.1. Junction region amplification

To confirm the junctions identified in sections 3.3.1.1 and 3.3.1.2, primer pairs were
designed such that the forward primer was from the flanking region and the reverse primer
was from the rDNA. Primers con7 pro/con7 rDNA were used to amplify the proximal-
rDNA junction in the 18S, con8 pro F/con8 rDNA R were used to amplify the proximal-
rDNA junction in ITS-1, and distal reg/f/DNA_reg were used to amplify the distal-TDNA
junction in the IGS (Table 3.2). PCR was performed using different PCR protocols and Taq
polymerase from different manufacturers (Table 3.3). Human male genomic DNA (Promega;

Catalog no. G1471) was used as template.
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Table 3.2: Primer pairs used for rDNA junction verification

Primer Name Sequence Reference
con7_pro ACCCTGACTTTATGGCACCTGGG This study
con7_rDNA GCGCTCTACCTTACCTACCTGG This study

con8 pro F AGGTCATAGGGAGATAGTGTCG This study

con8 tDNA R |AAGAAGGGCGTGTCGTTG This study
distal_reg TGCAGGAAAGACGGTGTGCGTG This study
rDNA reg TTGAGGCCTCGAAAGGCGAGAG This study
M13-F GTAAAACGACGGCCAG

M13-R CAGGAAACAGCTATGAC

Table 3.3: PCR protocols used for different primer pairs to amplify the junction

region.

Primer Denaturation | Annealing Extension # of Buffer used

combination temperature | Temperature | Temperature | cycles

con7_pro/con7 1D | 95°C 63.7°C 72 °C 35 FastStart Taq

NA cycles | polymerase
(Roche)

con8 pro F/con8 r | 95°C Gradient (50 72°C 35-45 MyTaq™ HS

DNA R °C-64°C) cycles | (Bioline),
FastStart Taq
polymerase
(Roche), Taq
polymerase
(Roche)

Distal reg/fDNA r | 95°C 62°C 72 °C 35 MyTaq™ HS

eg cycles (Bioline)

3.2.3.2. Cloning and Transformation

PCR fragments were cloned into the pPCR®2.1 plasmid (Invitrogen) and transformed by heat
shock into Escherichia coli TOP10 electrocompetent cells according to the manufacturer’s
instructions. To screen for transformed colonies harbouring the correct insert, colony PCR
was performed using the M13 F/M13 R primer pair (Table 3.2). Plasmid DNA was
extracted from the transformants according to the protocol “Alkaline lysis with SDS

method” as described in following steps:

LB medium with ampicillin was inoculated with a transformed bacterial colony and

incubated overnight at 37°C in the shaking incubator. 1,500 ul of the overnight culture
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transferred into a microcentrifuge tube and was centrifuged at 15,000 rpm for 2 mins at 4°C.
The medium was removed and the bacterial pellet resuspended in 200 pl of Alkaline lysis
solution I by rigorous vortexing. 400 pl of freshly prepared Alkaline lysis solution II was
added to the bacterial suspension and was mixed by inverting the tube 5 times. 300 pl of
Alkaline lysis solution III was added to the tube and was mixed by inversion. The
microcentrifuge tube was incubated in ice for 5 mins and then centrifuged at 15,000 rpm for
5 mins at 4°C. 600 pl of the supernatant was transferred into a fresh microcentrifuge tube and
an equal volume of phenol:chloroform was added. The organic and aqueous phases were
mixed by vortexing and the emulsion was centrifuged at 15,000 rpm for 2 mins at 4°C. The
aqueous phase was transferred into a fresh microcentrifuge tube and 400 pl of isopropanol
was added to precipitate the DNA. This was mixed by gentle vortexing and incubated
overnight at -20°C. The DNA was pelleted by centrifuging at 15,000 rpm for 5 mins at room
temperature. The supernatant was removed by gentle aspiration and 1 ml of 70% ethanol was
added, and this was centrifuged at 15,000 rpm for 5 mins at room temperature. The
supernatant was removed and tubes were left at room temperature to evaporate the ethanol.

The DNA pellet was then resuspended in autoclaved distilled water.

Alkaline lysis solution I

50 mM glucose
25 mM Tris-Cl (pH 8.0)

10 mM EDTA (pH 8.0)

Alkaline lysis solution I1

0.2 N NaOH (freshly diluted from a 10 N stock)

1% (w/v) SDS

Alkaline lysis solution III

5 M potassium acetate, 60.0 ml
Glacial acetic acid, 11.5 ml

H,0, 28.5 ml
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3.2.4. Intra- and inter-chromosomal identity of the rDNA distal and

proximal regions

To quantify intra- and inter- chromosomal homogeneity in the rDNA distal region and
proximal regions, the level of intra- and inter- chromosomal identity between overlapping
regions of the BAC and cosmid sequences was determined using the Stretcher (global

alignment tool from EMBOSS; Rice et al. 2000); and YASS (Noe and Kucherov 2005).
3.2.5. Repeat content of the rDNA distal and proximal region contigs

The repeat content of the contigs was determined using RepeatMasker. Novel tandem repeats
in the contigs were identified using Tandem repeat finder (Benson 1999) and BLAST
(Altschul et al. 1990). MAFFT (Katoh et al. 2009) was used to generate the 138 bp repeat
multiple sequence alignment and HMM-Logo (Schuster-Bockler et al. 2004) to generate the
Logo. mVista was used to draw the sequence similarity plot of the inverted repeat (Frazer et

al. 2004).

3.2.6. Segmental duplication analysis of the rDNA distal and proximal

contigs

Segmental duplicates in the rDNA distal and proximal region contigs were detected using a
modified BLAST-based detection scheme called the “whole genome assembly comparison”
(Bailey et al. 2001a). The human genome assembly hgl9 was used for the analysis, and was
broken into 400 kb pieces. The repeats in this fragmented human genome and in the contigs
were masked using RepeatMasker (http://www.repeatmasker.org/). The contigs were then
matched to the fragmented masked genome using BLAST. A cutoff of >85% identity over 1
kb was used. Next, the repeats were reinserted into these matched sequences and global
alignments were created using Stretcher. All steps were performed using a series of Perl
scripts (courtesy J.A. Bailey, University of Massachusetts Medical School, USA). Low
identity ends of the sequences were identified from the alignments and trimmed. Where the
ends of two human genome fragments match a single region or where a fragment is
interrupted by repeats, these fragments were merged together. This step was performed
manually. The merged sequences were then aligned again using Stretcher to recalculate the

identity.
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3.2.7. Gene prediction pipeline for the rDNA distal and proximal contigs

A four-stage pipeline was designed to determine the presence of potential gene coding
regions in the rDNA distal and the proximal contigs. The pipeline was first used for the
contigs by masking repeat elements in the sequence using RepeatMasker. This sequence is
denoted as masked sequence as repeats are masked by Ns. To determine the effect of repeats
on gene models, I also used the sequence without masking the repeats. This sequence is

denoted as the unmasked sequence.

Step 1: Ab initio gene prediction tools Genscan (Burge and Karlin 1997), Fgenesh (Salamov
and Solovyev 2000), glimmerHMM (Majoros et al. 2004) and GeneMark (Besemer and
Borodovsky 2005) were used to predict gene signals.

Step 2: Homology searches for both contigs were performed using BLAST against the
following GenBank datasets: non-redundant protein and reference mRNA sequences
restricted to primates, and EST sequences restricted to human. Hits were then remapped to
the contigs using two spliced alignment tools: Exonerate (Slater and Birney 2005) and PASA
(Program to Assemble Spliced Alignments; Salamov and Solovyev 2000). Exonerate was
used for protein, reference mRNA, and EST sequences, while PASA was only used for EST

sequences. For both tools 90% identity was used as the filter cutoft.

Step 3: All the evidence from Steps 1 and 2 were combined using EVidence Modeller
(EVM; Haas et al. 2008). To optimize the weightings of the de novo gene prediction, protein,
and EST evidence streams for merging, EVM simulations were performed using variable
weights. Any EVM gene models that did not contain any database evidence or contained

one-or-more exons that lacked any database evidence were removed.

Step 4: In the final curation step, EVM gene models, as well as protein sequence matches
from Exonerate that were not included by EVM in step 3, were mapped to the contigs to
compile the complete set of putative gene models. Apollo v1.11.6 (Lewis et al. 2002) was

used for visualization and refinement of the gene models.
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3.3. Results

3.3.1. Verification of the proximal-rDNA junction

3.3.1.1. Extending linkage into the rDNA from the proximal region

junction and searching various junction positions using cosmid

sequences

Proximal region: Sakai et al. (1995) reported a 493 bp sequence (GenBank Accession #
D31961) from the proximal junction with the rDNA that only includes 111 bp of rDNA
sequence. Further out of the three proximal region BAC clones identified by McStay Lab,
one BAC clone (CR392039 from chr 21) was found to be adjacent to the rDNA array that
has junction at position 4,234 bp in 18S of the rDNA (Floutsakou et al. 2013). The variation
in the position of the proximal rDNA junction in the Sakai et al. and BAC clone suggests
that more than one junction positions are possible. Since only a small fragment of the rDNA
has been reported to be linked to the proximal junction, it is also possible that these
sequences are not part of the rDNA array, but instead is from some other region of the
human genome where a fragment of the rDNA has been duplicated. Hence, to search if the
rDNA sequence next to the proximal-rDNA junction position is likely to be from the rDNA
array, | decided to see how far the rDNA sequence that is linked to the proximal junction can
be extended by sequencing four cosmids (LA13 165F6 [chr 13], LA14 101B3 [chr 14],
LA15 25H3 [chr 15] and N 29M24 [chr 22]) that were identified to cross the proximal
junction with the rDNA. These cosmids were identified using 493 bp proximal region
sequence identified by Sakai et al. (GenBank Accession # D31961) as probe to screen
chromosome specific cosmid libraries (see Section 3.1.1 for the details of the cosmid
identification). The cosmids were sequenced on the Illumina platform (Section 3.2.1) and
obtained NGS data for cosmids were assembled using Abyss (Section 3.2.1; Assembly
statistics in Appendix Table 4). The position of the junction in the proximal region cosmids
were demarcated by comparing their sequences with the rDNA U13369 using BLAST. The
cosmid sequences include between 2.4 kb and 16.5 kb of rDNA sequence, suggesting that
the rDNA sequence next to the junction identified by Sakai et al. is adjoined to the actual
rDNA array (Figure 3.3).

In cosmid sequences, LA13 165F6 (chr 13) and LA15 25H3 (chr 15) the junction position is
in ITS-1 at position 6,229 (coordinates according to the rDNA sequence U13369) of the
rDNA unit. This junction position in ITS-1 at 6,229 is same as that reported by Sakai et al.
(1995). In cosmids LA14 101B3 (chr 14) and N 29M24 (chr 22) junction position is in ITS-1
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at position 6,339. This other junction is novel. This demonstrates that the proximal region
may have three different junction positions: in 6,229 in ITS-1, 6,339 in ITS-1, and 4,234 in
18S.

The extension of the rDNA unit next to the junction position supports that the rDNA unit is
not segmentally duplicated. However, it is also possible that the proximal-TDNA junction
position region in the cosmids and/or BAC clone is a large segmentally duplicated region
and not part of the true rDNA array. To rule out this possibility I compared the sequence of
the ETS and 18S rRNA gene from the flanking regions cosmids and BAC clones with that of
the human rDNA UI13369 using BLAST. The rationale for this comparison is that
segmentally duplicated rDNA fragments are expected to have accumulated mutations and
thus be diverged compared to the real rDNA units, as the segmentally duplicated units are
likely to be non-functional and thus evolving neutrally. The average sequence identity
between proximal junction tDNA sequences and the human rDNA is 99.0% (Table 3.4),
which is much higher than the segmental duplicates of the ETS/18S rRNA in the reference
genome (90.0%) (Table 3.5). This shows that the rDNA adjacent to the proximal region in
the cosmids and BAC clones is likely the real rDNA array and not a segmentally duplicated
region. However, it cannot be ruled out that these regions are recent long segmental

duplicates that have not had enough time to accumulate sequence differences.

Table 3.4: Sequence comparison
junction rDNA.

between the human rDNA and proximal

Human rDNA region | Proximal junction | % identity
cosmids and BAC
human rDNA_ETS 18S | LA13 165F6 (chr 13) 98.2
human rDNA_ETS 18S | LA14 101B3 (chr 14) 98.9
human rDNA_ETS 18S | LA15 25H3 (chr 15) 99.8
human rDNA_ETS 18S | CR392039 (chr 21) 99.8
human rDNA_ETS 18S | N 29M24 (chr 22) 98.4
Average % identity 99.0

Table 3.5: Sequence comparison between the human rDNA and segmentally
duplicated rDNA fragments.

Human rDNA region Human reference genome % identity
human_rDNA_ETS 18S | Homo sapiens chr 16 NC_000016.9 92.0
human_rDNA_ETS 18S | Homo sapiens chr 2 NC_000002.11 90.7
human_ rDNA_ETS 18S | Homo sapiens chr Y NC_000024.9 89.2
human_rDNA_ETS 18S | Homo sapiens chr 20 NC_000020.10 88.1
Average % identity 90.0
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The proximal region adjacent to the proximal-rDNA junction is slightly variable between the
cosmids and BAC clone. In all cosmid sequences that are similar to the proximal region
sequence reported by Sakai et al. (1995) a 68 bp unique region is present next to the junction
followed by block of 147 bp ACROI1 repeats (Figure 3.3). However, the copy number of the
ACROI repeat block is variable between each cosmid. The proximal region adjacent to the
proximal-rDNA junction in BAC clone CR392039 differs from the cosmid sequences as a
~2.7 kb region that includes the 68 bp unique region, the first ACRO1 repeat blocks,
adjacent to the proximal junction point, which is present in the cosmids, is deleted from the

BAC clone (Figure 3.3)

Distal region: I used a similar approach as used for the proximal region to characterize the
distal TDNA junction position in different acrocentric chromosomes. Five BAC clones
(AL592188, AL353644, FP671120, CT476837 and FP236383) from the rDNA distal region
were identified to contain rDNA sequence at their termini. These BAC clones are from chr
21 and chr 22, and to obtain distal junction position sequences from the remaining
acrocentric chromosomes, two cosmids (LA13 133H12 [chr 13] and LA15 64C10 [chr 15])
identified by the McStay lab as coming from the distal region (Section 3.1.1) were
sequenced on the Illumina platform (Section 3.2.1). All five BAC clones together with
cosmid LA13 133HI2 have the junction position at 39,029 in the IGS of the rDNA
(coordinate according to the rDNA sequence U13369) (Figure 3.3). LA15 64C10 (and the
previously sequenced LA14 138F10) do not contain any rDNA sequence (Figure 3.3). This
represent that the distal region is constant at least among chr 13, chr 21 and chr 22 and
occurs in the tDNA IGS. Further, unlike the proximal junction region, the distal region

sequence adjacent to the junction position is the same in all cases examined to date.
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Figure 3.3: Structure of distal region and proximal region clones around the
rDNA junction

Three distal region (solid green) and four proximal region (solid orange) cosmid
clones from the rDNA flanking regions. The junction position with the rDNA (grey)
are shown as arrows with the position (in bp) indicated above the arrow (position
is relative to GenBank rDNA sequence U13369). The ACRO1 satellite blocks
adjacent to the proximal junction are shown as purple boxes. The length of the
flanking regions and the rDNA are indicated immediately above each clone. The
cosmid name and chromosome of origin (in parentheses) are indicated to the left
of the clone. Since these cosmids do not represent all the acrocentric
chromosomes, BAC clones CT476837 and AL353644 (dotted green lines) from the
distal region and BAC clone CR392039 (dotted orange line) from the proximal
region are included to represent the flanking region from the remaining
chromosomes. The scale is shown below.
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3.3.1.2. Bioinformatics screen for proximal rDNA junctions

WGS data theoretically contain the information from all regions of the genome and therefore
are expected to contain reads that represent the rDNA junction positions where one part of
the read covers the flanking region and the other part covers the rDNA next to the junction
position. To take an independent approach for searching the proximal junction positions
within an individual, I designed a five-step mapping-based pipeline (Section 3.2.2) to
identify the reads in WGS data that span the rDNA and the proximal/distal junction regions.
The proximal region sequences from all the four cosmids and the BAC clone CR392039
were each used as proximal region reference sequences (Section 3.2.2; Table 3.1). The distal
region was included in the analysis, using BAC clone CT476837 (one of five BAC clones

that were identified adjacent to the rDNA array) as the distal region reference sequence.

Table 3.6: Results for different steps of the junction mapping pipeline.

Flanking # reads # reads # of # of Junction position
reference partially mapped to | clusters | clusters |of the cluster (# of
sequence mapped to | the rDNA | (Step 3) | after reads)
flanking (Step 2) filter
sequence (Steps 4
(Step 1) & 5)
LA13 165F6 (13) 325,570 417 6 1 |at position 4,234 in
18S (4)
LA14 101B3 (14) 318,834 1,307 12 2 |at position 6,229 in
ITS-1 (5)
at position 4,234 in
18S (3)
LAI15 25H3 (15) 332,822 746 15 1 |at position 4,234 in
18S (4)
N 29M24 (22) 448,750 45,556 10 1 |at position 6,229 in
ITS-1 (5)
CR392039 (21) 828,792 102,938 17 1 |at position 4,234 in
18S (4)
Distal contig 554,888 19,023 8 1 |at position 39,029
in IGS(24)

WGS data from the CRA sequencing center were mapped to the distal and proximal
reference sequences using gsMapper to identify reads that partially mapped to the sequences
(column two of the Table 3.6; Section 3.2.2.3). These partially mapped reads were mapped
to the human rDNA using gsMapper (column three of Table 3.6; Section 3.2.2.3) to identify
the reads that partially map to the proximal region and the rDNA. Such partially mapping

reads were clustered according to their position in the flanking region reference sequence
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(column four of Table 3.6). Finally, these clusters were filtered using criteria designed to
identify the ones that represent putative proximal-rDNA and distal-rDNA junctions (column
five of the Table 3.6; Section 3.2.2.3). As expected, all the putative junction reads for the
distal-rDNA junction were found to have the junction at position 39,029 in the IGS. This is
consistent with the clone screening results above (Section 3.3.1.1), showing that the distal-
rDNA junction position is likely to be constant for all five acrocentric chromosomes. This
demonstrates that the pipeline is capable of identifying rDNA junction positions correctly.
Next, [ looked for the proximal junction position in the putative junction reads. Similar to the
results from the cosmid sequences, the proximal junction position in these reads is variable,
with junction positions at either position 6,229 in ITS-1 or position 4,234 in the 18S rRNA
(column six of Table 3.6). However, the junction at 6,339 in ITS-1 was not present in CRA
WGS data. These results suggest that the proximal rDNA junction position that was found in
cosmids LA14 101B3 and N 29M24 is variable between chromosomes and individuals, with

at least three possible junction positions.

3.3.1.3. PCR amplification of the junction regions

To search for additional evidence for the various proximal rDNA junction positions, |
decided to amplify these junction regions using human genomic DNA as template. I
designed primer sets such that the forward primer binds to rDNA flanking region and the
reverse primer binds to the rDNA on the other side of the junction (Figure 3.4). Two primer
sets, con7_pro/con7 rDNA and con8 pro F/con8 rDNA R, were designed to amplify the
proximal junction region in ITS-1 and the 18S rRNA, respectively. A primer set,

distal reg/rDNA reg, was designed to amplify the distal junction as a positive control.
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Figure 3.4: The positions of the primer pairs for the amplification of the
proximal-rDNA and distal-rDNA junctions

The primer pairs were designed to amplify fragments that span the proximal
(orange) and distal (green) rDNA junctions. The junction positions are shown as
downward arrows with the positions (in bp) and the regions in the rDNA (grey)
indicated above (position is relative to GenBank rDNA U13369). The forward
primer (forward arrow) is in the flanking region and the reverse primer (reverse
arrow) is in the rDNA. The name of the primer is indicated above the arrow and
the positions of the primers are indicated next to the arrows. The expected size of
the amplified fragment is indicated in bp below. The names of the cosmid and BAC
clones used to design the primers and their chromosomal origins (in parentheses)
are indicated to the left. Figure not to scale.

The primer set con7 pro/con7 rDNA amplified a 978 bp fragment that covers the junction at
position 4,234 in the 18S rRNA gene (Figure 3.5). This junction is the same as that found in
BAC clone CR392039 and is one of the proximal junctions identified from the WGS
mapping pipeline. However, I was unable to amplify the proximal junction in ITS-1 using
the con8 pro F/con8 rDNA R primer set with the same template as above. Different PCR
conditions Vviz. temperature gradient PCR, variation in PCR cycle number, different
polymerases, and different template concentrations were employed (Section 3.2.3), but either
no or nonspecific products were obtained. One possible reason for the inability to amplify
the ITS-1 is the presence of the ACROI satellite repeat block adjacent to the ITS-1
proximal-rDNA junction (Figure 3.6). ACROI satellite repeats are also present in other parts
of the genome (Sakai et al. 1995) hence it is possible that the proximal region primer
(con8 pro_F) from the ITS-1 junction primer pair does not bind uniquely to the junction

region and therefore gives nonspecific products. The primer set distal reg/rDNA reg

137



amplified an 901 bp fragment that covers the junction at position 39,029 in IGS (Figure 3.5).
This junction is the same as that found in the cosmid screening and the WGS mapping

pipeline, confirming that the distal junction position in the IGS is constant.

Figure 3.5: Amplification of the flanking region-rDNA junction.

The 18S rRNA proximal-rDNA junction region was amplified using primer
pair con7_pro/con7_rDNA to obtain ~1 kb fragment (lane 1) and the distal
rDNA junction was amplified using primer pair distal_reg/rDNA_reg (lane
2) to obtain a ~900 bp fragment. Lane 3 is a negative control and lane M is
a 1 kb Ladder.

The cosmid sequences, bioinformatics screening of WGS data and amplification of junction
regions demonstrate that the proximal region is likely have at least two junction points: one
in ITS-1 and the other in the 18S rRNA while the distal region just has a single junction at
position 39,029 in IGS.

3.3.2. Inter- and intra-chromosomal sequence conservation of the rDNA

flanking regions

After establishing the junction positions for the flanking regions, the next question was how
similar the rDNA distal and proximal flanking regions are among the acrocentric
chromosomes. Several studies have indicated that the distal and the proximal regions are
conserved among the acrocentric chromosomes (Worton et al. 1988; Sakai et al. 1995;
Gonzalez and Sylvester 1997; Gonzalez and Sylvester 2001). These conclusions were based
on the comparisons of the length of amplified fragments and restriction map from the
flanking regions using hybrid single human chromosome cells. However, because of the lack
of availability of sequences from all the acrocentric chromosomes the level of sequence

conservation was not known. Therefore, I decided to quantify the level of intra- and inter-
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chromosomal sequence conservation in the rDNA flanking regions by comparing the

overlapping regions from the cosmids and BAC clones from these regions.

3.3.2.1. Intra-chromosomal sequence conservation of the rDNA distal

and proximal regions

First, the intra-chromosomal sequence conservation for the rDNA distal and proximal
regions was calculated using the BAC clones from the same chromosomes to get an estimate
of the level of intracellular variation in the flanking regions and the background error rate in
these sequences. Twelve BAC clones from the distal flanking region of chr 21 were
compared to quantify the level of sequence identity between clones from this chromosome
(Appendix Table 5). All the BAC clones for the chr 21 are from the BAC library CHORI-
507-HSA21 that was constructed using a blood sample from a single individual
(http://www.chori.org/). All these BAC clones, except CU633967 and CU633906, are 100%
identical to each other. CU633967 and CU633906 are 99.9% identical to each other while
100% identical to the remaining chr 21 BAC clones. The variation between CU633967 and
CU633906 is because of a 5 bp gap and a mismatch. These differences are likely to be either
sequencing errors or rare inter-cellular variation, as both BAC clones are from the same
individual. Similarly, two BAC clones from chr 22 were also compared (Appendix Table 1),
with these BAC clones coming from the BAC library RPCI-11.1 which was constructed
using a blood sample from a single individual (http://www.chori.org/). These BAC clones
(AL353644 and AL592188) have 99% identity, with 117 indels and 524 mismatches. The
sequence variants between the clones are interspersed throughout the BAC clones. This
variation may represent sequence error and/or intracellular variation within an individual.
The level of sequence dissimilarity is surprising given the high similarity between clones
from chr 21, and because both these chr 22 BAC clones are from the same individual. Two
BAC clones from the proximal flanking region of chr 21 were compared to quantify the level
of sequence identity between clones from this chromosome. Both BAC clones (CR392039
and CR381535) for the chr 21 are from the BAC library CHORI-507-HSA21 which was
constructed using a blood sample from a single individual (http://www.chori.org/) and are

100% identical to each other.

Overall, as expected both the distal and proximal regions are highly intra-chromosomally
conserved with the average intra-chromosomal sequence identity approaches 100%.
However, case by case study shows that the level of intra-chromosomal conservation is
variable among the chromosomes. The distal region in the chr 21 and chr 22 shows 100%

and 99% intra-chromosomal identity respectively. The variation in the level of conservation
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between the chromosomes suggests that homologous regions of the flanking regions may

slightly variable depending on chromosomes.

3.3.2.2. Inter-chromosomal sequence conservation of the rDNA distal

and proximal flanking regions is high

Next, [ decided to look at the level of inter-chromosomal sequence conservation in the rDNA
flanking regions between acrocentric chromosomes. To determine this, the flanking regions
were divided into two parts. The regions up to 43 kb from the rDNA junction position were
named the near-distal/near-proximal regions, and the regions away from the rDNA junction
position were named the far-distal/far-proximal regions. The cutoff for demarcating the near
and far distal/proximal regions was based on cosmid LA14 138F10 from the distal junction
region, which is the most distal of the cosmids. Therefore, the near region represents all the
region that includes some cosmid sequence and the same cutoff was used for the proximal
region for consistency. This separation of the flanking regions was made to observe the

change in the level of conservation as we move away from the rDNA array.

Sequence conservation at the near-distal region: T compared BAC clones from chr 21 and
chr 22 and cosmids from chr 13, chr 14 and chr 15 to estimate the level of inter-
chromosomal sequence conservation near to the distal-rDNA junction position. Since only
one cosmid is present for chr 13, chr 14 and chr 15 while several BAC clones are present for
chr 21 and chr 22, I selected representative BAC clones for chr 21 and chr 22 to avoid bias in
the representation of the chromosomes in estimating the overall level of conservation of

acrocentric chromosomes.

Two BAC clones AL592188 and AL353644 from chr 22 and three BAC clones FP671120,
CT476837 and FP236383 from chr 21 come from the region adjoining the rDNA array
(Section 3.3.1.1). The sequence identity between the three chr 21 BAC clones is 100%
therefore, CT476837 was selected as the representative sequence of the chr 21 near distal
region. The overall sequence identity between AL592188 and AL353644 is 99% but region
adjacent to the distal-TDNA junction position is 100% identical demonstrating that both BAC
clones have same sequences near to the junction position and therefore AL353644 was
selected as the representative sequence of the chr 22 near distal region. Cosmids LA13
133H12, LA14 138F10 and LA15 64C10 were selected as the representative sequences of
the chr 13, chr 14 and chr 15 near-distal regions, respectively. The sequences of selected
clones were compared using YASS. The sequence identity between the clones varies from
99.0% to 99.7% (Table 3.7) with an average 99.1%, demonstrating that the distal flanking

region is highly conserved among the acrocentric chromosomes.
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Table 3.7: Sequence similarity matrix for the near-distal region cosmid and

BAC clones
Clones LA13 LA14 138F10 | LA1564C10 | CT476837 AL353644
(Chromosome | 133H12 (13) | (14) (15) (21) (22)
no.)
LA13133H12 | X Identity=99.7 | Identity=99.6 | Identity= Identity=99.6
(13) % % 99.2% %
Length=12,81 | Length=13,54 | Length= Length=
4 4 16,580 16,452
LA14 138F10 Identity=99. | X Identity=99.6 | Identity=99.5 | Identity=99.0
(14) 7% % % %
Length=12,8 Length=38,93 | Length=42,64 | Length=42,63
14 9 1 5
LA15 64C10 Identity=99. | Identity=99.6 | X Identity= Identity=
(15) 6% % 99.6% 99.0%
Length=13,5 | Length=38,93 Length= Length=
44 9 39,656 39,669
CT476837 Identity= Identity=99.5 | Identity= X Identity=99.1
(21) 99.2% % 99.6% %
Length= Length=42,64 | Length= Length=90,21
16,580 1 39,656 4
AL353644 Identity=99. | Identity=99.0 | Identity= Identity=99.1 | X
(22) 6% % 99.0% %
Length= Length=42,63 | Length= Length=90,21
16,452 5 39,669 4

Length = pairwise comparison alignment length.

Sequence conservation at the far-distal region: To determine if this distal flanking region

conservation is restricted to the junction with the rDNA or extends away from the junction

point, [ compared BAC clone AC011841 with BAC clones from chr 21 using YASS. All the

BAC clones from the far-distal region except AC011841 are from chr 21, and therefore

ACO011841 was compared with BAC clones from chr 21 to calculate the sequence

conservation in the far distal region. The sequence comparison between AC011841 and the

chr 21 BAC clones shows that the sequence identity in the far distal region varies from

98.3% to 98.8%, with an average sequence identity of 98.5% (Table 3.8).

Table 3.8: Sequence similarity matrix for the far distal region BAC clones.

(Cézrr‘gfmso | cTamessa | cusssos | cusssde | CUs3s96? | CUB340LY | CUB386EY
o) 1) 1) 1) 1) 1) 1)
Identity = Identity = Identity = Identity = Identity = Identity =
AC011841 98.3% 98.5% 98.9% 98.4% 98.3% 98.7%
a7?) Length = Length = Length = Length = Length = Length =
55,002 35.589 92,734 37.422 47.490 74,515

#Length = pairwise comparison alignment length.
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The high sequence conservation in the far distal region demonstrates that inter chromosomal
distal region conservation is not restricted to around the junction region but is extended
towards the telomere. However, higher sequence conservation in the near distal region
compare to far distal region demonstrate that the region near to the junction position is more

constrained than the region away from the junction.

Sequence conservation at the near proximal region: To estimate the level of inter-
chromosomal conservation in the region near to the proximal rDNA junction position, |
selected four cosmids LA13 165F6, LA14 101B3, LA15 25H3 and N 29M24, and one BAC
clone CR392039 as representatives of chr 13, chr 14, chr 15, chr 22 and chr 21 respectively.
The selected clones were compared to each other using YASS. The sequence identity
between the clones varies from 86.7% to 99.9%, with an average of 93.3% (Table 3.9). The
sequences vary between the acrocentric chromosomes in this near-proximal region mainly
because of variation in repeat element composition (Figure 3.6). Overall, the pairwise
comparisons between the clones of all the five acrocentric chromosomes from the near
proximal region demonstrate that the region is more variable among the acrocentric
chromosomes compare to the near distal region. However, the variation is mainly restricted

to the repeat elements while remaining regions are more or less conserved.
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Table 3.9: Sequence similarity matrix for the near-proximal region cosmids and

BAC clones.
Clones
LA13165F6 | LA14101B3 | LA15 25H3 CR392039
I(’]Cc)gromosome (13) (14) (15) N 29M24 (22) 1)
Identity=04.2 | Identity= Identity=93.4 I;?ZE;F
% (18,989) 99.9% % (19,225) (7 2;;5)
LA13165F6 | Gap= 1% (20,182) Gap=3% Gane 50,
(13) (397) Gap= 0% (16) | (732) P~ =70
(421)
Length= Length= Length= Length=
20,159 20,204 20,573 17897
. Identity= Identity= Identity=
f;if{‘gg’g‘;“'z 94.6% 94.5% 94.0%
: (24,525) (26,505) (23,979)
— 10
'(‘1’2)14 101B3 821’7) 1% X Gap=1% Gap=3% Gap=2%
Lot (485) (857) (757)
20 1359 Length= Length= Length=
: 25,913 28,050 25,500
Lo Identity= Identity= Identity=
;‘éegf;r 94.6% 86.7% 87.8%
. 0
(24,525) (28,092) (30,236)
'(-1'2)15 25H3 gfaljg(; (16 | Gan=1% X Gap=10% Gap= 9%
LerI: Il (485) (3,533) (3,367)
20 2g0 4 Length= Length= Length=
: 25,913 32,415 34,455
Identity=93.4 19‘1623:3; é‘??ﬁ};}; Identity=96.6
% (19,225) ; ' % (28,984)
G 3, (26,505) (28,092) G 1o,
N 29M24 (22) (73%) ° Gap= 3% Gap=10% X ¥ 5‘;) °
_ (857) (3,533) -
Length= _ _ Length=
20573 Length= Length= 29999
: 28,050 32,415 :
Identity= Identity= Identity= .
96.4% 94.0% 87.8% ﬁ/de(r;é%zzg'é
CR392039 (17,245) (23,979) (30,236) G 1,
1) Gap=2% Gap=2% Gap= 9% @ 51[;) ° X
(421) (757) (3,367) Lo
Length= Length= Length= 29 9g99
17,897 25,500 34,455 ’

Length = pairwise comparison alignment length. ® gap = number of gaps in the alignment.
These are highlighted for the inter-chromosomal comparisons of the proximal regions as

they make a significant contribution to the sequence variation
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Figure 3.6: Inter-chromosomal variation in the near proximal region due to Alu
elements and 147 bp ACROL1 repeat.

The proximal region sequence (orange line) adjacent to the rDNA (dotted grey
line) junction is variable among the acrocentric chromosomes because of Alu
element (coloured boxes except purple) and ACRO1 repeat (purple boxes) indels
and copy number variation. The indels are represented by grey shaded areas. The
coordinates of proximal region in the cosmid and BAC sequences is depicted in this
figure are in parentheses next to the sequence. The clone names and chromosome
origins (in parentheses) are indicated above the sequences. Scale is shown at the
bottom.

Sequence conservation at the far proximal flanking region: To check if this level of
conservation is maintained at the far end of the proximal flanking region, I compared BAC
clones CR381535 (chr 21) and AC145212 (unplaced) using YASS. The sequence identity
between these two BAC clones is 97.9%, indicating that the proximal flanking region is also

conserved further away from the rDNA.
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3.3.2.3. Overall conservation of the distal region and the proximal region

The quantification of intra- and inter- chromosomal sequence identity shows that the regions
around the rDNA are highly conserved across all the acrocentric chromosomes (Figure 3.7).
The high intra-chromosomal conservation in the distal and proximal regions was expected.
For the proximal region, the inter-chromosomal sequence conservation is lower than the
distal region. This greater level of variation mostly results from repeat element variation near
to the junction of the proximal region with the rDNA. Therefore, similar to the distal region,

the proximal region also seems to be highly conserved among acrocentric chromosomes.
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Figure 3.7: Average intra- and inter-chromosomal identities between distal and
proximal flanking region clones

The horizontal black line inside the each box represents the mean of the identities.
The upper and lower whiskers represent the upper and lower limits of the
identities respectively. The region represent by each box is indicated below them
on the horizontal axis. The vertical axis represents the level of sequence
conservation.
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3.3.3. Distal and Proximal contig construction

After determining the level of sequence conservation of the distal and proximal rDNA
flanking regions, I next decided to characterize these regions. To search for features in the
rDNA distal and proximal regions, I constructed representative sequences for each of them
by merging BAC clones. The BAC clones were selected to span the largest stretches of the
regions, and where possible BAC clones derived from the same chromosome were used to
reduce inter chromosomal variation. Four BAC clones (CT476837, CT476834, CU633906
and AC011841) representing the minimum subset of overlapping clones were selected to
construct the distal flanking region representative sequence. The overlapping regions
between BACs CT476837 (chr 21) and CT476834 (chr 21), and CT476834 and CU633906
(chr 21) are 100% identical, but the identity decreases to ~98% between CU633906 and
ACO011841 (chr 17?) (Figure 3.8a). To construct the sequence, the BAC clones were merged
in the order CT476837, CT476834, CU633906 and AC011841, such that the region that
overlaps with the previous BAC clone was truncated before merging. This resulted in a
379,046 bp distal flanking region sequence (Figure 3.8a) that was named the “distal contig”.
Two BACs (CR392039 and CR381535) were selected to construct the proximal region
representative sequence, and the overlap between these two clones shows 100% sequence
identity. The overlapping region in BAC clone CR392039 was truncated before merging it
with BAC clone CR381535 to obtain a 207,338 bp proximal flanking region sequence
(Figure 3.8b) that was named the “proximal contig”. To identify the positions of the cosmids
and BAC clones in these flanking region contigs, all the cosmids and BAC clones sequences

were mapped to the appropriate contig (Figure 3.9 and Figure 3.10).
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Figure 3.8: Scheme to construct the distal and proximal contigs.

a) The distal contig (green) was constructed by merging four BAC clones (solid
black lines) from two different chromosomes to obtain 379 kb of the distal
flanking region. The clone names and chromosomes of origin (in parentheses) are
indicated. b) The proximal contig (orange) was constructed by merging two BAC
clones (solid black lines) from the same chromosome to obtain 207 kb of the
proximal flanking region. The clone names and chromosome of origin (in
parentheses) are indicated. The percent identities of the overlapping regions
(shaded areas) between BAC clones are also shown. The positions (dotted black
lines) and lengths (immediately below the schematic contig) of BAC clone
fragments used for constructing the contigs are shown. Where BAC clones overlap,
the overlapping region in the lower BAC clone was trimmed for the merger.

147



Diistal Contig

=l
LAT2133H12(13)
17,564)

6574)
LAY 13BF10(14)

[42,500) —— 1]
LATSB4C10(15)
(39,625 ee— (1)

(161802 (101525 AL592188 (22) m

(79772 (118,281) AL353644 (22) m
(161085 (102,208) FPE71120 (21} m
130114 (e CT476837 (21) )
(eiee  Eae FP236383 (21) o

FP236315(21)

Mmes3 m
CU633971 (21)
(TO584) e———— (]}
FP236241 (21}
[} 42810}
CT476834 (21)
n (182,854)
CUB34019(21)
(165,308} m
CUA3I3967 (21)
(128,3584) L]
CUA33904 (21)
n123,025) i}
CLA33906 (21)
(165,887}
CUG3B68T (21)
(108,004) i
‘““hl m ACDT1841 (177) [174,588)

Figure 3.9: Locations of the distal region clones in the distal contig.

The cosmid and BAC sequences (black lines) from the distal region were mapped
to the distal contig (green) to show their locations. The clone names with
chromosome of origin in parentheses are indicated above the sequences. The rDNA
unit next to the distal junction position is represented by grey dotted lines. The
sequence coordinates, including the distal junction positions of the cosmids and
BAC clones, are indicated in parentheses next to the sequences.
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Figure 3.10: Locations of the proximal region clones in the proximal contig.

The cosmid and BAC sequences (black lines) from the proximal region were
mapped to the proximal contig (orange) to show their locations. The clone names
with chromosome of origin in parentheses are indicated above the sequences. The
rDNA unit next to the proximal junction position is represented by grey dotted
lines. The sequence coordinates, including the proximal junction positions of the
cosmids and BAC clones, are indicated in parentheses next to the sequences.

3.3.4. Characterization of the distal and proximal contigs

3.3.4.1. Repeat content of the distal and proximal contigs

The rDNA flanking regions have been assumed to be heterochromatic and mainly composed
of repeat elements (Lander et al. 2001). To address this, I decided to determine the repeat
composition of the distal and proximal contigs. The tool RepeatMasker, which identifies
repeats in a given sequence by comparing it with an annotated database of repeat sequences,
was used to search for repeats in the distal and proximal contigs (Section 3.2.5). The total
repeat content for the distal and proximal contigs is 64.4% and 54.4% respectively (Figure
3.11; Appendix Table 6-Appendix Table 7) which is slightly higher than the total average
repeat content of the entire human genome assembly hgl9 (50.6%). The higher repeat
content of the distal contig compared to the proximal contig is primarily due to the presence

of a large 38,596 bp block made of ~800 copies of 48 bp satellite repeats known as CER
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satellite at the far end of the distal contig (Figure 3.12). The repeat content of the distal

contig drops to 60.5% if this satellite region is removed.

Excluding the large satellite region in the distal contig, the repeat content in the proximal and
distal contigs is broadly comparable with that of the whole human genome (Figure 3.11).
The percentage of retrotransposon elements i.e. LINEs, SINEs and LTRs in the distal and
proximal contigs are variable compare to the whole genome average. The percentage of
LINE elements in the distal contig is higher than the rest of the genome, and the distal contig
LINE elements are mainly LINE-1 (L1) elements. Both the distal and the proximal contigs
have fewer SINE elements, or more specifically Alu elements, than the rest of the genome,
while the percentage of LTR elements in both contigs is higher than the rest of the genome.
Interestingly, unlike these retrotransposon elements, DNA transposons are absent in distal
contig while the proximal contig resembles the rest of the genome. The distal contig has a
comparatively higher proportion of satellites than the genome as a whole because of CER
satellite block at the end of the contig. However, the satellite percentage of the distal contig

is almost same as whole genome if CER satellite blocks are ignored (Figure 3.11).

80~ . Distal cantig

. Proximal contig
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. Genome
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Figure 3.11: Repeat composition of the distal and proximal contigs.

The percentage of the distal contig, proximal contig and total human genome
occupied by different classes of repeat element, as well as total repeat content, is
plotted. The overlapping dark green bar in the “Satellites” plot represents the
satellite content of the distal contig after removing the CER satellite block.
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Figure 3.12: Locations of novel and satellite repeats in the distal and proximal
contigs.

RepeatMasker identified several satellite repeats (blue boxes) in the distal contig
(green) and the proximal contig (orange). A novel 138 bp repeat, ACRO138 (red
block), was identified in the distal contig.

Novel ACRO138 repeat: A novel 138 bp repeat was identified in the distal contig by the
tandem repeat search (Section 3.2.5) using TRF and BLAST (Figure 3.13). Based on its
position on the acrocentric chromosome and the repeat unit length the repeat, I named the
repeat ACRO138 (Figure 3.12). The distal contig has two blocks of ACRO138 repeats
(Figure 3.12). The first block consists of 18 repeat units and is located at position 136,616-
139,228, while the second block consists of 19 repeat units and is located at position
289,297-292,203. To check if ACRO138 is restricted to the distal contig or is present in the
other regions of the human genome [ searched the current human genome assembly with the
ACRO138 consensus sequence using BLAST. The search shows matches for ACRO138 in
chromosomes 3, 4, 7, 10 and 19, indicating it is not restricted to acrocentric chromosomes. In
chromosome 3, 4, and 10 the repeat is present at the 5° end of the FRG2 gene paralogs, while
in chr 19 it is present at both 5’ and 3” ends of zinc finger proteins. The function of the FRG2
protein is not known but it is found to be highly expressed in muscle fibres with

Facioscapulohumeral muscular dystrophy (Gabellini et al. 2006).
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Figure 3.13: HMM logo for the 138 bp ACRO138 repeats.

The consensus sequence of the ACRO138 repeats was obtained using a
multiple sequence alignment of the 37 repeat units present in the distal
contig. An HMM logo (Schuster-Bockler et al. 2004) was constructed from
this alignment. The height of each base represents the probability of the
presence of that base at that specific position. The thickness of dark red
line represent the probability of insertion of one base and thickness of the
dark and light red vertical lines together on the right side of each base
shows the number of bases expected to be inserted at that position.

3.3.4.2. A large inverted repeat in the distal contig

A large inverted repeat was found in the distal contig (Figure 3.14). It is 227,965 bp in
length, with each arm being ~109 kb and the intervening region between the arms being
5,762 bp (Figure 3.14.a). The arms show regions of high sequence identity separated by
more diverged regions. The average sequence identity between the two arms is 79.5%
(Figure 3.14.b). The presence of the large inverted repeat on the distal contig accounts for
the duplication of ACRO138 repeats and a 136 bp satellite named BSR/beta in the distal
contig (Figure 3.12).
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Figure 3.14: Sequence similarity between the arms of the large inverted repeat
in the distal contig.

a) A large inverted repeat (solid white arrows) is present in the distal contig
(green). The length of each arm is indicated just above the arms and the position
in the distal contig is given in parentheses below the arrow. The arms of the
inverted repeat are separated by ~5 kb. b) A similarity plot showing the level of
sequence identity between the inverted repeat arms was obtained using a 100 bp
sliding window. The horizontal axis represents the alignment position and the
vertical axis represents the percent identity between the arms. Regions with >50%
similarity between the arms are shaded in pink.

3.3.4.3. The level of seemental duplication in the proximal and distal

contigs

Segmental duplicates are large fragments of DNA that are present in more than one region of
the genome. Segmental duplication is a prominent feature of the human genome and ~5% of
the total genome is known to be segmentally duplicated (Bailey et al. 2002). To search for
segmental duplicates from the rDNA distal and proximal contigs, I used a modified version

of the BLAST-based technique called the “Whole Genome Assembly Comparison” (Section
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3.2.6). A number of segmental duplicates (>1 kb in length and with >85% sequence identity)
were found from both contigs (Figure 3.15; Appendix Table 3-4). Interestingly, however, the
distal and proximal contigs show contrasting patterns of segmental duplication (Table 3.10).
Proximal segmental duplicates are more frequent, longer, and have greater sequence identity
than distal segmental duplicates (Figure 3.15). Furthermore, the majority of proximal
segmental duplicates are found in pericentromeric regions of the genome as previously
observed (Piccini et al. 2001; Lyle et al. 2007), while the majority of distal segmental
duplicates are found in subtelomeric regions (Figure 3.15). Most strikingly, the level of
segmental duplicated DNA is vastly different, with 7.3% of the distal contig being
segmentally duplicated while 92.4% of the proximal contig is segmentally duplicated (Table
3.10). Therefore, only 7.6% of the proximal contig consists of sequence that is not duplicated
elsewhere in the genome. These results demonstrate that the rDNA distal and proximal
contigs have different genomic characteristics in humans: the segmental duplication profile
of the proximal resembles pericentromeric regions, while that of the distal region resembles

subtelomeric regions.
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Figure 3.15: Segmental duplication in the proximal and distal contigs.

The proximal contig (orange) is highly segmentally duplicated compared to the distal
contig (green). The proximal contig has segmental duplicates (coloured lines) with 12
chromosomes while the distal contig has segmental duplicates with 9 chromosomes. The
chromosomes are represented as grey boxes arranged at the periphery around the contigs
with centromeres as yellow boxes and telomeres as blue boxes. The segmental duplicates
from the proximal contig are mainly to pericentromeric regions of chromosomes, while
those from the distal contig are mainly to subtelomeric regions. The positions of the
segmental duplicate lines on the contigs represent the start positions of the segmental
duplicates, while the colour of segmental duplicate lines represents the length of the
segmental duplicate, as indicated below the figure.

Table 3.10: Segmental duplication comparison between the distal and proximal
contigs.

Segmental duplication feature Distal Proximal
contig contig

Number of segmentally duplicated regions 31 98

Average segmental duplicate length (kb) 2.3 11.8

Average percent identity between segmental | 88.2% 93.1%

duplicates

Position of duplicate region subtelomeric | pericentromeric

Percent of contig duplicated 7.3% 92.4%

In the proximal contig, there is variation in the level of duplication within the contig. The
near proximal region (closer to the rDNA proximal junction position) harbours less

segmental duplicates compare to the far proximal region (closer to the centromere). Seventy-
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two segmental duplicates are from the far-proximal region, while 19 segmental duplicates
are from the near-proximal region. Seven segmental duplicates span these two regions. In
some cases, the same region of the proximal contig is segmentally duplicated more than once
to the same chromosome. These duplicated segmental duplicates have different sequence
identities. For example, the region of the proximal contig covering coordinates 1-73,523 is
segmentally duplicated thrice to chr 1 with sequence identities of 96.5%, 94.6% and 92.6%.
This variability in sequence identity suggests that the sequence exchanges that result in these
segmental duplication events did not occur in one burst, but are result of multiple events. In
the distal contig, the segmental duplicated have palindromic symmetry because of the
presence of the large inverted repeat. Twelve segmental duplicates present in the left arm of
the inverted repeat also have an inverted paired segmental duplicate in the right arm of the

inverted repeat.

3.3.4.4. Putative gene models in the distal and proximal contigs

To determine whether the rDNA distal and proximal contigs potentially contain genes, I
undertook a gene search. I used a four-step gene prediction pipeline that integrates de novo
gene prediction tools with EST, mRNA and protein evidence to predict putative genes in the
contigs (Section 3.2.7). First, putative genes were predicted using repeat masked sequences
of the distal and proximal contigs. For the distal contig, the gene prediction pipeline
predicted five putative genes (Figure 3.16). All these putative genes except one are single
exon genes (Table 3.11). For the proximal contig, four putative genes were predicted (Figure
3.16). Two of these gene models are multi-exonic and the other two have only a single exon
(Table 3.12). Recent studies have shown that repeat elements can also be parts of genes and
can alter gene splicing (Huh and Hynes 1994; Rohlfs et al. 2000, Sorek et al. 2002). To
check if the repeat elements in these contigs may also form a part of the genes, genes were
predicted from the distal and proximal contigs using unmasked sequences. For the distal
contig eight putative genes were predicted, and for the proximal contig six putative genes
were predicted (Figure 3.16). Five of the putative genes in the unmasked distal contig are the
same as the five from the masked distal contig. The remaining three distal contig putative
genes from the unmasked analysis are single exon. Similar to the distal contig, all the
putative genes from the masked proximal contigs were a subset of the unmasked proximal
contig putative genes. The remaining two putative proximal genes specific to the unmasked
analysis are located in intronic regions of another putative (pgl.1) gene as alternative

transcripts. These two putative genes are single exon.
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Figure 3.16: Gene models in the distal and proximal contigs

— Exon on reverse strand
—. Exon on forwad strand

Gene models (black arrows) in the distal contig (green) and proximal contig
(orange) were identified using a four-step gene prediction pipeline, and blue
shading shows their positions. The positions of exons in the multi exon and
alternative transcript gene models are indicated by small arrows above the main
gene model arrow. The gene models in the distal contig were labelled as “dg” and
in the proximal contig as “pg” followed by gene, transcript and exon numbers. The
different proximal region gene models pgl.1, pgl.2 and pgl.3 in the pgl gene
region are represented as tiers of arrows.

Table 3.11: Putative gene models from the distal contig

Gene model number Start coordinate End coordinate Length |Strand
dgl.1.1 33,924 34,145 221 +
dg2.1.1* 321,828 322,277 449 +
dg3.1.1* 327,412 327,705 293 +
dg4.1.1 330,230 330,427 197 +
dg5.1.1 333,297 332,554 743 -
dg6.1.1* 150,885 150,689 196 -
dg6.1.2* 155,079 154,917 162 -
dg7.1.1% 137,251 136,850 401 -
dg8.1.1 33.974 33,600 374 -

* predicted in both masked and unmasked sequences
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Table 3.12: Putative gene models from the proximal contig

Gene model number Start coordinate End coordinate Length | Strand
pgl.1.1% 68,543 68,599 57 +
pgl.1.2* 125,644 125,874 231 +
pgl.1.3* 126,489 126,590 102 +
pgl.2.1 112,302 113,033 732 +
pgl.3.1 119,489 119,629 141 +
pg2.1.1% 127,300 127,674 375+
pg3.1.1* 159,642 159,861 220 +
pg3.1.2*% 159,946 160,145 200 +
pgd.1.1% 107,900 107,694 205 -

* predicted in both masked and unmasked sequences

3.4. Discussion

In this work, I have characterized genomic regions that represent a major gap in the human
genome assembly, the regions flanking the rDNA arrays. This analysis identifies various
features associated with these distal and proximal flanking regions, as well as the contrasting
nature of the two regions. The distal region has a single rDNA junction position, a large
inverted repeat, a novel repeat element (ACRO138), a large block of CER satellite repeats at
one end, and a small percentage of sequence that is segmentally duplicated. In contrast, the
rDNA junction point in the proximal region appears to vary between the acrocentric
chromosomes and possibly individuals, is very highly segmentally duplicated, and does not
have any specific repeat element pattern. The gene prediction pipeline shows that both
flanking regions have gene coding potential, contrary to previous assumptions that the short
arms of the acrocentric chromosomes are devoid of genes other than the rDNA and are
mainly composed of repeat elements (Dunham et al. 1999; Hattori et al. 2000; Lander et al.
2001; Heilig et al. 2003; Dunham et al. 2004; Zody et al. 2006). The quantification of
sequence identity between clones from these flanking regions reveals that both the proximal
and the distal flanking regions are highly homogeneous among acrocentric chromosomes,
with the distal region showing higher homogeneity than the proximal. Overall, this study
demonstrates that the rDNA flanking regions are similar to the rest of the genome. The
specific genome organizations exhibited by these regions suggest that they might play

functional roles in the nucleolus.
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3.4.1. High conservation of the flanking regions across the acrocentric

chromosomes

The quantification of the sequence conservation in the distal and proximal flanking regions
reveals that homogenisation in the short arms of the acrocentric chromosomes is not
restricted to the rDNA array but is also extended further towards the centromere and the
telomere in the flanking regions. The rDNA arrays are known to undergo mitotic
recombination among the acrocentric chromosomes (Krystal et al. 1981). The high level of
inter-chromosomal homogeneity in the rDNA flanking regions demonstrates that not only
the rDNA array but also the region surrounding it exchange sequence during mitotic
division. The higher level of inter-chromosomal sequence identity and low level of
segmental duplication found in the distal region compared to the proximal region suggests
that most of the recombination based exchanges with the distal regions are occurring among
the acrocentric chromosomes. The subtelomeric regions are known to have a higher
propensity to undergo the inter-chromosomal translocations (Linardopoulou et al. 2005), and
this may explain the homogenization of the distal region. In addition to the high level of
inter-chromosomal homogeneity, the proximal region also has a high level of segmental
duplication. This suggests that the proximal region actively exchanges sequences with other

chromosomes in addition to the acrocentric chromosomes.
3.4.2. The proximal region is a segmental duplication hub

A prominent feature of the rDNA proximal region is the high level of inter-chromosomal
segmental duplication. The majority of the proximal segmental duplicates are with chr 1, chr
2, chr 3, chr 4, chr 9 and chr Y. Previous studies have shown that chr 1, chr 4, chr 9 and chr
Y are colocalized near to the nucleolus and form part of the outer heterochromatic shell of
the nucleolus (Manuelidis and Borden 1988; Léger et al. 1994). Therefore, it is possible that
the close proximity of the proximal region to these chromosomes facilitates recombination

with them, resulting in the high level of segmental duplication with these chromosomes.

The proximal region also shows intra-chromosomal segmental duplications with acrocentric
chromosomes 14, 21 and 22. A ~200 kb sequence from the pericentromeric region of the
short arm of the chr 21 has been included in the reference genome (Hattori et al. 2000).
However, for the remaining acrocentric chromosomes the short arms are completely absent
from the reference human genome sequence. The intra-chromosomal segmental duplicates in
chr 14 and chr 22 are with the long arm while for chr 21 they are with the short arm. The
variation in the location of segmental duplicates among the acrocentric chromosomes from

the short arms is likely to be because of the difference in the status of completeness of short
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arm sequence among the acrocentric chromosomes in the reference genome. Therefore, it is
possible that intra-chromosomal proximal region segmental duplicates with the short arms of
the other acrocentric chromosomes also exist but are not detectable because of this lack of
sequence information. However, contrary to the short arms, the long arms of the acrocentric
chromosomes are more or less complete. The variations in the presence of segmental
duplicates among long arms of the acrocentric chromosomes shows that the arms of the
acrocentric chromosomes interact differently depending on the chromosomes. The reason

behind the variation in interaction is not clear.

Intra-chromosomal segmental duplication is known to play role in pericentric inversion
(reversal of chromosomal segment that involves break in the both arms of chromosomes and
the inverted segment includes the centromere) by promoting intra-chromosomal
recombination (Goidts et al. 2004; Kehrer-Sawatzki et al. 2005). Monosomy of chr 22
caused by pericentric inversion between the short and long arms of the chromosome is
known to result in the familial monosomy 22 syndrome characterized by mental and physical
retardation (Watt et al. 1985). The mechanism behind this pericentric inversion is still not
known. One possibility is that intra-chromosomal segmental duplication of the proximal

region with the long arm of the chr 22 promotes pericentromeric inversion.

3.4.3. Putative genes in the masked and unmasked distal and proximal

regions

A number of putative genes were predicted by the ab initio gene prediction pipeline,
indicating that the distal and proximal regions have gene coding potential. All these
predicted putative genes have homology with putative proteins identified by other sources
based on cDNA isolated from cell extracts (Ota et al. 2004). Lyle et al. (2007) reported
several putative genes in the proximal region that are potentially transcribed. The high level
of sequence conservation of the flanking regions among the acrocentric chromosomes
suggests that these putative genes are probably present in all the acrocentric chromosomes.
The gene prediction analysis of the flanking regions by including (unmasked) and excluding
(masked) the repeats has shown variation in the gene content of the distal and the proximal
regions because of repeat elements. This suggests that certain repeat elements likely to be
part of the genes. Previous studies have reported the presence of repeat elements in the exons
of some genes (Shapiro and von Sternberg 2005). All the genes present in the masked
sequences are also present in the unmasked sequences, demonstrating that the presence of
these putative genes is not affected by the repeat elements. The gene dg5.1.1 (332,554-
333,297) is part of a complete LINE L1 ORF2 (position 328,444-334,470). The LINE ORF2

contains genes for reverse transcriptase and the endonuclease that facilitate LINE
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duplication. Clearly, the existence and function of these putative proteins require further

experimental validation.
3.4.4. Significance of inverted repeat in the distal region

The presence of a large inverted repeat in the distal contig is another striking property of this
region. Initially large palindromes were thought to be a characteristic feature of chr X and
chr Y (Skaletsky et al. 2003). Later a genome wide search demonstrated that large inverted
repeats are also present on chr 1, chr 2, chr 6, chr 7, chr 11, chr 13, chr 15, chr 17 and chr 22
(Warburton et al. 2004), showing that large inverted repeats are spread genome wide. The
role of these large inverted repeats is still not clear. Unlike small inverted repeats (with arms
5-200 bp) that are known to play role in several biological processes, such as origins of
replication, regulation of gene expression, nucleosome structure, and recombination (Pearson
et al. 1996), the importance of large inverted repeats in the genome is still not explored in

detail.

Large inverted repeats have been proposed to be involved in the elimination of deleterious
mutations in the genomic regions that do not undergo meiotic recombination by facilitating
gene conversion (Betran et al. 2012). The role of inverted repeats in sequence maintenance is
most widely studied in human chr Y, where several large inverted repeats are present
(Skaletsky et al. 2003). The absence of a homologous chromosome in males means that most
of chr Y does not undergo meiotic recombination except a small pseudoautosomal region
that is homologous to chr X. Theoretically, in the absence of an efficient mechanism to purge
deleterious mutations, chr Y should degenerate very rapidly. However, since the split of
chimpanzee and human, no genes have been lost from human chr Y (Hughes et al. 2005;
Hughes et al. 2010). This chr Y sequence integrity has been proposed as result of non-allelic
homologous recombination (NAHR) (recombination between two DNA segments of high
identity that are not at the same position on the chromosome) between the arms of the large
inverted repeats present in the Y chromosome (Rozen et al. 2003; Skaletsky et al. 2003;
Marais et al. 2010; Scott et al. 2010; Betran et al. 2012). The repeat arms of inverted repeats
>99% sequence identity. Therefore, it is proposed that in the event of occurrence of a
deleterious mutation, it is repaired by recombination between the arms of the inverted
repeats. Supporting this, two recent simulation studies have shown that gene conversion due
to the presence of inverted repeats is sufficient to preserve the genomic integrity of chr Y
(Connallon and Clark 2010; Marais et al. 2010). Meiotic recombination is known to be
suppressed in the TDNA (Petes and Botstein 1977; Hogset and Qyen 1984), and it is possible

that this suppression extends into the flanking region. If so, the large inverted repeat in the
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distal region may be playing a similar role in allowing recombination events that remove

deleterious mutations from the region and maintain its integrity.

NAHR also causes deletion of large genomic segments and plays a role in the development
of several genetic disorders (Barbouti et al. 2004; Carvalho and Lupski 2008; Scott et al.
2010). For example, partial monosomy of the short arm of chr X results from deletion of a 5
Mb region in Xp11.1-p11.22, and this is promoted by inverted repeats in the region (Scott et
al. 2010). The human genetic disease, Turner syndrome, can result from this partial
monosomy (Scott et al. 2010). Therefore, it is possible that the inverted repeat in the rDNA
distal region will play a role in the partial monosomy of the acrocentric chromosomes.
Partial monosomy of the short arms of the acrocentric chromosomes has been associated
with human diseases e¢.g. Down syndrome and cancer (Muleris et al. 1984; Tschentscher et
al. 2001; Lyle et al. 2008). Therefore, the role of this distal region inverted repeat needs to
be studied further.

The large inverted repeat in the distal region causes duplication of the RNA transcribing
regions in the distal region. A ChIP-seq mapping analysis using data from the ENCODE
project has shown that the histone modifications H3K4me2/3, H3K9ac, and H3K27ac, and
the transcription factors CTCF and Pol II that are associated with active promoters, have a
mirror symmetry as a result of the inverted repeat (Floutsakou et al. 2013). These promoters
were found to be associated with active transcription using RT-PCR and by mapping

transcripts from RNA-seq data obtained from the ENCODE project (Floutsakou et al. 2013).

3.4.5. The flanking regions have a repeat content similar to the rest of

the genome

Heterochromatic regions usually consist of a high percentage of repeat elements (Lander et
al. 2001). The rDNA flanking regions were thought to be heterochromatic, repeat-rich
regions (Lander et al. 2001). However here I show that the rDNA distal and proximal
regions have repeat contents that are in the same range (+5%) as the whole genome average.
LINE elements have been found to be enriched in gene-poor regions of the genome, while
SINE elements are enriched in gene-rich regions (Versteeg et al. 2003). The distal region has
a higher LINE and a lower SINE content compared to the genome-wide average, and is
similar to heterochromatic regions of the genome. In the proximal region, a lower SINE
content but an approximately equal LINE content compared to the genome-wide average
suggests that this region is similar to the euchromatic regions of the genome. Interestingly,
this is opposite to the segmental duplication results, where the proximal region shows a

greater level of segmental duplication with heterochromatic regions of the genome than the
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distal region, suggesting that the proximal region is associating with other heterochromatic
regions. However, the role of repeat elements varies depending on their location (Shapiro
and von Sternberg 2005), therefore further work is required to correlate the repeat element

the flanking regions to explore their role.

A prominent feature of the distal region is the presence of a large block of 48 bp CER
satellite repeats. The presence of the CER satellites in human on the short arm of the
acrocentric chromosomes has been reported previously (Metzdorf et al. 1988). Further, these
CER satellites are also present in the apes (chimpanzee, gorilla, orangutan and gibbon) but
not in the monkeys (Metzdorf et al. 1988; Pusch et al. 2002). The CER satellites in
chimpanzee and gorilla are present on all the rDNA containing chromosomes (Metzdorf et
al. 1988). The role of this satellite element in the distal region is not known. The CER
satellites in the centromeric location are present near to alpha-satellites (Metzdorf et al.
1988; Pusch et al. 2002). The alpha satellite at the centromeres is known to be associated
with the centromeric protein—G (CENP-G). Initially it was thought that CENP-G associated
with the alpha-satellite repeats (He et al. 1998), but it has been shown to also be present on
the chr Y centromere that lacks alpha-satellite, suggesting that CENP-G associated to other
repeat elements together with alpha satellites (Gimelli et al. 2000). A gel mobility shift assay
has shown that the CER satellite has the ability to bind with a protein of molecular mass 95
kDa (Pusch et al. 2002). The CENP-G has the same molecular mass, therefore it can be
speculated that it may be associated to the CER satellite. The location of the CER satellites
near to alpha-satellite repeats in centromeric regions makes them a potential candidate for
CENP-G binding. CENP-G is known to bind at neocentromeres and inactive centromeres
(Gimelli et al. 2000) and is thought to play role in the formation and stabilization of
kinetochore (Gimelli et al. 2000). The distal flanking region is present on the periphery of
the nucleolus (Floutsakou et al. 2013). It is possible that if CENP-G is associated with CER
satellite, the satellite block at the end of the distal region may have a role anchoring
acrocentric chromosomes to the periphery of nucleoli, similar to the role of the kinetochore
in anchoring chromosomes to the metaphase plate (Rieder and Salmon 1998). Further,

experiments will be required to establish the binding of CENP-G to CER satellite repeat.
3.4.6. The flanking regions boundary

The BAC clones identified from the rDNA flanking regions (Section 3.1.2) revealed the
sequence composition of these regions. However, to precisely establish the position of the
NORs one question still needs to be answered: what are the boundaries of the rDNA flanking
regions on both the proximal and the distal ends of the rDNA array that can still be called
NORs. Comparing the definition of the NOR proposed in this thesis based on its genomic
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content with the definition given by Barbara McClintock based on the function associated
with the NOR, the boundary of the distal and the proximal rDNA flanking regions is at the
extremity of both regions that are part of the nucleolus. One possible way to identify the
rDNA flanking region boundaries is by isolating intact nucleoli from the cells and then
analysing the sequence content of the chromosomal region that forms this nucleolar
structure. However, considering the limitations associated with isolating intact nucleoli, it

will be difficult to demarcate the rDNA flanking regions using this method.

3.4.7. The sequence of the short arm of acrocentric chromosomes

beyond the identified rDNA flanking region sequences

The short arms of the five acrocentric chromosomes represent one of the largest gaps in the
human genome assembly. This study has characterized 536.3 kb (207.3 kb of the proximal
flanking region and 379.0 kb of the distal flanking region) of the short arms of the
acrocentric chromosomes that is not part of the current assembly. Since the length of the
short arms of the acrocentric chromosomes is not known, it is not possible to estimate what
percent of the region still needs to be identified, or in other words, how large the gaps
between the identified regions and the centromeric/telomeric ends of the short arms are.
Further, it is difficult to predict the sequence content of the remaining gaps in the short arms.
Considering the sequence composition of the known regions, the gaps may have unique,
highly segmentally duplicated, or highly repetitive sequences. Reports of repeats in the short
arms of the acrocentric chromosomes may provide a means for these regions to be further
extended. For example, Lyle et al. (Lyle et al. 1995) have reported blocks of D474 repeat in
the distal flanking region. However, this repeat is not present in the distal contig identified

here therefore, it is likely to be present in the region further towards the telomere.
3.4.8. Computational challenges to study the rDNA flanking regions.

To characterize the rDNA flanking region several standard computational tools and
published pipelines were employed. The biggest challenge in characterizing the rDNA
flanking regions was the lack of tools to perform the segmental duplication analysis, despite
whole genome segmental duplication analysis being a part of several whole genome projects.
Instead, most published work on the identification of segmental duplicates has been done
using in-house scripts (Bailey et al. 2001b; Scally et al. 2012). A part of the segmental
duplication analysis of the rDNA flanking regions was performed by scripts provided by Jeff
Bailey. However, the script was designed to perform whole genome segmental duplication
analyses and therefore I had to adapt it for use on small genomic segments. Many of the

modules and parameters used in the script were optimal for very large genomic segments and
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therefore several steps were performed manually. It was feasible to perform parts of analysis
manually for the rDNA flanking regions as this only encompassed two genomic regions, but
the availability of a tool for performing segmental duplication analysis of smaller genomic
segments would have reduced the experimental time considerably. Such a tool would also be
of use for performing whole genome segmental duplication analysis of genomic sequences
that fill gaps in previously available genome assemblies, and the general availability of a

segmental duplication tool would aid in the analysis of novel genome assemblies.

This study has shown that, in contrast to the previous perception, the rDNA flanking regions
are not composed of simple repeat sequences but instead have a very complex genomic
structure. The study has revealed that the rDNA flanking regions have several genomic
features that can potentially play roles in different biological processes. The short arms of the
acrocentric chromosomes represent one of the most biologically critical gaps in the human
genome assembly. The characterization of the flanking regions presented here are a step

closer towards filling these gaps.
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4.1. Conclusions

This study characterizes the two different components of the human nucleolar organizer
regions (NORs): the intergenic spacer (IGS) and the rDNA flanking regions. I have
combined the results of different computational approaches to identify properties and regions

of interest. The two major outcomes of this work are:

1) I have identified a number of conserved regions in the human IGS that may be
functional, and have explored their potential involvement in transcription, transcription
regulation, cell cycle regulation and replication.

2) The human rDNA flanking regions has a complex genomic structure and contain various

genomic features that are likely to play role in different biological processes.
4.1.1. The functional regions in the human IGS

Phylogenetic footprinting is a powerful tool to identify the functional regions that are
conserved during evolutionary time. Using this technique, I have identified a number of
potential functional regions in the human IGS. I have shown that these potential functional
regions are not restricted to the promoter region but are dispersed throughout the IGS. In this
study, I have demonstrated despite of high repeat content in the human IGS it contains
several potential functional elements that correspond to both unique regions and the repeat
elements. However, the potential functional regions identified and characterized in this study
are those that are conserved, and therefore these are restricted to elements that have potential
function across the primate species used here. This means there may be additional functional
elements in the human IGS that are specific to humans or have evolved more recently in the

IGS.

Several identified conserved regions in this study correspond to known functional elements
in the IGS, which includes promoter, first three terminator, IGS transcripts and potential
regulatory protein binding sites. On the contrary, the last two terminators that are known to
be non-functional are not conserved. This strongly exhibits that the identified conserved

regions does represents the functional regions.

The RNA-seq analysis using long poly(A)+ and poly(A)-, and small poly(A)+ from six cell
types (three noncancerous cell types: GM12878, H1-hESC, and HUVEC; and three
cancerous cell types: K562, HeLa-S3 and HepG2) from the ENCODE project revealed
several transcripts from the IGS. Several transcripts identified in the analysis intersect

conserved regions. These transcripts can be categorized into three different types of novel
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transcripts: a cancer cell specific transcript (antisense to the pRNA); a tissue-specific
transcript (small poly(A)+ transcript specifically found in the embryonic cell type H1-
hESC); and transcripts present in multiple tissue types (transcript from the cdc27 pseudogene
and other long polyA(-) transcripts). The biological significance of these transcripts is
unknown. Based on their position in the IGS, I have proposed potential roles of three of the
transcripts identified here. First, I proposed that the transcript antisense to the pRNA has a
role in rDNA unit activation in cancer cells by pairing with pRNA and therefore preventing
pPRNA to silence the rDNA transcription (Section 2.4.1). Second, I have suggested that the
transcript from the cdc27 pseudogene may have a role in regulating the CDC27 gene that
encodes a protein involved in cell cycle regulation (Section 2.4.2). Third, I have speculated
that a small poly(A)+ transcript from a region around ~28.5-30.5 kb in the IGS that is
transcribed only in the embryonic cell line, HI-hESC, of the cell lines used in this study may
have some tissue specific function, perhaps related to the regulation of active rDNA unit
number (Section 2.4.1). Overall, the RNA-seq analysis has demonstrated that a large portion
of the human IGS is transcriptionally active, which mirrors the human genome as a whole
(Dunham et al. 2012). The presence of transcripts in multiple cell types suggests that these
transcripts are probably real, and their overlap with conserved regions suggests they may be
functional. However, the hypotheses I have developed for their possible functions are based
on the location of the noncoding transcripts in the IGS, and further experiments are required
to verify these hypotheses. ChIP-seq analysis revealed that Pol II and Pol III machineries are
associated with the IGS at specific positions (Section 2.4.3). The noncoding transcriptional
activity of the human IGS has been assumed to be restricted to Pol I. However, association
of Pol II and Pol III with the human IGS provide evidence that Pol II and possibly Pol III
IGS may have a role in IGS transcription. A further investigation will be required to

establish the role of Pol II in the human IGS transcription.

The chromatin profiling revealed three regions enriched in active histone modifications in
the IGS corresponding to a region near the promoter (Cluster-1) and a second region in the
middle of the IGS (Cluster-2), together with a region showing cell type specific enrichment
in HI-hESC (Cluster-3). The different levels of enrichment of the active histone
modifications in the regions suggest that they potentially act as promoter or enhancer. All
three clusters coincide with the conserved regions suggesting that they may be functional.
However, similar to RNA-seq results further experiments are required to verify the
regulatory role of the regions. The ChIP-seq analysis using data for ORC from HeLa-S3 has
identified three potential sites for the origin of replication. All three sites correspond to the
conserved regions supporting them as potential site of origin of replication. Further, two sites

of ORC enrichment correspond to previously reported potential sites of origin of replication
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(Gencheva and Russev 1996) further supporting that the identified regions are probably

functional.

All together, this study demonstrates that the human IGS consists of several potential
functional regions that are conserved among the primates. These conserved regions
potentially function as transcription regulators (promoter/enhancer), transcribed region and
origin of replication. Further investigation will be required to establish the roles of the
conserved regions. Together, the results from my work provide a platform for a more
comprehensive characterization of the functional elements in the IGS and the rDNA flanking
regions. This will lead to a better understanding of the biological processes that are related to
NORs and will ultimately help to explore the mechanisms that underlie these processes,

which are still far from being completely understood.
4.1.2. Characterization of the rDNA flanking regions

I have characterized a major gap in the human genome assembly that corresponds to the
regions surrounding the rDNA array that I call the rDNA flanking regions. The paradigm
that the rDNA flanking regions are made of only repeat elements and therefore are
heterochromatic has been widely accepted for a long time. However, I have shown that the
rDNA flanking regions do not just consist of repetitive elements but have complex genomic
structures that are similar to euchromatic regions but also have unique characteristics. The
study has revealed the contrasting nature of the distal and the proximal flanking regions. The
proximal region is highly segmentally duplicated and shares sequences with a number of
different chromosomes suggesting that this region is likely to be recombinationally active.
The presence of high segmental duplication in the proximal region demonstrates that the
sequence of the region is not unique to the proximal flanking region. The lack of sequence
specific to the rDNA flanking region makes it unlikely that the proximal region has a
nucleolar-specific role. Furthermore, the proximal region has different junction points in the
rDNA array, suggesting that the proximal rDNA junction position tolerates variation. The
distal region is highly conserved among the short arms of the acrocentric chromosomes and
only a small percentage of this region is segmentally duplicated. The distal region has a large
inverted repeat. The large inverted repeat is characteristic of the genomic regions that similar
do not undergo meiotic recombination (Betran et al. 2012). The meiotic recombination is
known to be repressed in the rDNA array and probably same nature is extended to the distal
region. Another feature of the rDNA distal region is the presence of the CER satellite block.
CER satellites are known to be present in the pericentromeric region of chromosomes and
therefore its presence in the distal region was surprising. FISH experiments using the BAC

clone from the distal flanking region have shown that the distal region is located at the
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periphery of the nucleolus. I hypothesized that the CER satellite may have an association
with the CENP-G protein and therefore, it is possible that the CER satellite forms a
kinetochore-like structure that may act as anchor for the acrocentric chromosomes. However,
this hypothesis is based on the similar molecular weight of CENP-G and a protein known to
be associated with the CER satellite. Together these results suggest that the distal region has
sequence features specific to the short arms of the acrocentric chromosomes and that these

features may contain elements that function in nucleolar biology.
4.1.3. The broader significance of the study

This thesis has addressed the most fundamental challenge to study the nucleolar organizer
region of the primates i.e. the absence of the sequences for the region. The complete primate
rDNA sequences has provided an insight of the geneomic content of the region that represent
one of the largest gap in the primate genome. The avalaitbility of primate rDNA sequences
will be helpful to address several unanswered questions realted to the rDNA like evolution of
the rDNA in primates, the varation/similarty of the rDNA region compare to the rest of the
primate genome, functional roles of the rDNA other rRNA synthesis and so on. Further, the
characterization of the human rDNA flanking regions has established that the role of the
small arm of the acrocentric chrosomes is not just ribosome biogenesis but this genomic
regionpotentiall have several other biological functions as well. Further, this work has also
established protocol for various computational analyses like sequence assembly for one of
the most challenging regions of genome i.e. repetitive regions. Overall, this work has
provided an asset to the scientific community to explore the genomic region that has been

neglected for very long time because of its sequence complexity.

4.2. Future Directions

4.2.1. Verification of the IGS transcripts identified using publically
available datasets

The transcriptome analysis of the IGS using ENCODE RNA-seq data has identified several
potential long poly-A (-) transcripts and a small RNA transcript from the region. The RNA-
seq data used for the analysis are from a small subset of primary and immortalized cell types.
These cell types may not represent what is happening in vivo, therefore it is necessary to
further investigate whether the identified transcripts are expressed in human cells or are
artefacts of these cell types. To do this, the identified transcripts can be searched for in

transcriptome datasets that have been derived from primary human tissues.
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A complementary approach is to use cap analysis gene expression (CAGE), which provides
data that represents 25-30 bp of the 5’ end of transcripts that are captured using the 5 (7-
methylguanylate) cap (Shiraki et al. 2003). The process of capping is thought to be restricted
to the mRNA, however studies have shown that certain small and long RNAs that are
transcribed by Pol II also show similar posttranscriptional processing and their promoters
coincides with the CAGE tags (Katayama et al. 2005b; Fejes-Toth et al. 2009). The IGS
transcripts identified in this study are likely to noncoding, and given the association of Pol II
with the human IGS (Section 2.3.9), it is probable that some of these are transcribed by Pol
II. Therefore FANTOM project CAGE data from various cell types and tissue samples
(Forrest et al. 2014) could be employed to identify the transcription start sites of the IGS

transcripts, adding further support for their existence.

RNA-seq datasets for various cancerous tissues from several published studies (Kalyana-
Sundaram et al. 2012) are publically available. To verify the potential cancer specific
transcripts, transcriptome analysis can be performed using these datasets. Further, to verify if
the identified cancer specific transcripts are specific to the cancerous tissue, transcriptome
data from cancer/noncancerous matched tissues can be analysed. Such datasets can also be
employed to address the level of differential expression of any IGS transcripts that are
present in both cancerous and noncancerous tissues. Such data is accessible through The
Cancer Genome Atlas project that provides total RNA-seq data for cancer/noncancerous

matched tissues.
4.2.2. Exploring the role of the transcripts from the 1GS

Transcript antisense to the pRNA transcript: The antisense transcript identified in this
study was found in all three cancerous cell types included in this study but not in the
noncancerous cell types, suggesting it may be a characteristic of cancerous cells. Further
validation will be required to establish the presence and cancer-specific expression of this
transcript. I proposed that this transcript antisense to the pRNA transcript pairs with the
pRNA and hinders its rDNA silencing activity. Cancerous cells are thought to have an
increased number of active rDNA units compared to non-cancerous cells (Miller et al. 1979;
Murao et al. 1982), therefore my proposed mechanism of this novel transcript in cancer cells
is consistent with the increase in active rDNA units. A knockdown study that targets this
specific antisense transcript in a variety of different cancer types will be useful to identify

whether it does play a role in cancer development.

Small poly(A)+ transcript from the region ~28.5-30.5 kb: The biological role of the poly-
(A)+ transcript from the IGS region represented by cluster 2 (~28.5-30.5 kb) in embryonic
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HI-hESC cells is unknown. Embryonic cells are known to have a higher number of active
rDNA units than differentiated cells. Since these transcripts are found in only H1-hESC
cells, I have suggested that this transcript has some embryonic cell-specific function. One
possible role for this transcript could be regulating rDNA methylation in embryonic cells. It
is known from mouse that embryonic cells have lower levels of rDNA methylation than
differentiated cells. It is possible that this transcript somehow promotes the demethylation of
the rDNA in embryonic cells. Experimental approaches, including inducing this transcript in
non-embryonic cells, knocking down the transcript in embryonic cells, and then comparing

the level of IDNA methylation, will be helpful to test this hypothesis.

Long poly(A)- transcripts that includes the cdc27 pseudogene: The pseudogenes are
known to regulate the expression of their parent gene. Therefore, the transcript identified
from cdc27 pseudogene may have a similar role in the regulation of expression of its parent
CDC27 gene. Experimental approach to identify the interaction of cdc27 pseudogene
transcript and Cdc27 mRNA will be helpful to identify its role in the regulation of cdc27 and

the cell cycle process.

Remaining long poly(A)- transcripts: RNA-seq has identified several other long poly(A)-
transcripts in the IGS, their role is unknown. However, similar to IGSsRNA (the transcript
that plays a role in the sequestration of the VHL protein), these transcripts may have a role in
the sequestration of nucleolar proteins. Biotinylated capture primers with magnetic beads
targeting these transcripts in combination with mass spectroscopy could be used to identify

the proteins that bind to these transcripts.
4.2.3. Verification of the identified origin of replication

This study has identified three potential origin of replication in the human IGS using ChIP-
seq data obtained from Hela-S3 for ORCs. The association of the ORCs demarcates the
potential origin of replication site but it not essential that the identified site activate during
the cell division. Therefore, further experiments are required to verify the potential origin of
replication. The Repli-Seq data is obtained by sequencing the labelled nascent DNA strand
that is isolated from the replication bubble is used to demarcate the sites of origin of
replication (Hansen et al. 2010). Such data representing the different stages of the cell cycle
for various cell types is publically available through ENCODE project and can be employed
to verify the origin of replication in the rDNA. Dimitrova (Dimitrova 2011) has reported that
different regions of the rDNA act as origin of replication depending of the cell cycle stage. It

is probable that the identified potential origin of replication activated during different stages
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of cell cycles. Since the available data that represent different cell cycle stages, can be

employed to compare the variation in activation of the potential origin of replication sites.
4.2.4. Role of the identified conserved regions

Although RNA-seq and ChIP-seq analyses provide some evidence for the potential roles of
several of the conserved regions in the human IGS I found in this study, there are still many
conserved regions that are not associated with any histone modifications or RNA transcripts.
Further studies are required to establish the functions of these regions. One approach to
characterize the remaining conserved regions could be to map ChlIP-seq data for factors
involved in processes that are thought to be regulated or governed by the rDNA, for example
cellular proliferation (NANOG and Jun) and cell cycle regulation (p53). Further, it is
possible that these regions are transcribed or enriched for histone modifications and
transcription factors in other tissues not included in this study. Therefore, a detailed RNA-
seq and ChIP-seq analysis using additional cell types may be able to shed light on the

possible roles of some of these uncharacterized conserved IGS regions.
4.2.5. Comparative analysis of human IGS transcripts.

The phylogenetic footprinting analysis has revealed the presence of several highly conserved
regions in the primate IGS. However, due to the absence of functional annotation of the
primate IGS it is not possible to predict if the observed sequence conservation translates into
functional conservation. One strategy to assay for functional conservation of the IGS is by
performing comparative analysis of the transcripts from the region. The Nonhuman Primate
Reference Transcriptome Resource (NHPRTR) is a repository that has RNA-seq data for 13
species from 21 different tissue samples (Pipes et al. 2013). These data can be mapped to the
reference primate rDNA sequences to identify transcripts from the respective primate IGS.
These transcripts can then be compared to those from the human IGS to determine the level
of transcript conservation. Such a study would not only determine the conservation of
transcripts from the IGS but would also shed light on the evolution of long poly(A)-
transcripts, which is far from understood (Katinakis et al. 1980; Yang et al. 2011). A recent
comparative study on long poly(A)+ noncoding transcripts has demonstrated that several
IncRNAs are conserved amongst the primates and may play roles in processes like
spermatogenesis, synaptic transmission and placenta development (Necsulea et al. 2014).
Investigating the conservation of the human IGS transcripts identified here among the
primates will also help test whether these transcripts result from transcriptional noise rather

than some biological function.
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4.2.6. Role of Pol Il in IGS transcription

All the known transcripts from the human IGS i.e. pRNA, IGS;(RNA and IGS;RNA are
reported to be transcribed by RNA polymerase I machinery (Audas et al. 2012; Jacob et al.
2012). The ChIP-seq analysis has shown that Pol II and its cofactors are associated with the
human IGS, which suggests that Pol II may have a role in IGS transcription. To test this
hypothesis one possible experiment can be to confirm if RNA polymerase Il transcribes any
of the idetifed transcripts from the RNA-seq analysis. Small poly(A)+ transcript in
embryonic cell type HI-hESC can be one of the potential candidate for the experiment. The
ChIP-seq and RNA-seq analysis of the human IGS have demonstrated that in H1-hESC the
peaks for Pol II and its cofactor TBP coincides with the signal for the small poly(A)+
transcript (Figure 2.35). It is possible that the colocalization of the three signals is because
the identified transcript is transcribed by Pol II. An experiment involving Pol I (e.g. CX-
5461) and Pol II (e.g. a-Amanitin) inhibitors paired with RT-PCR, to detrermine the effect of
inhibition of a specific polymerase on the expression of transcript, can be employed to find

out the role of Pol Il in the IGS transcription.
4.2.7. Phylogenetic footprinting of the rDNA flanking regions

The identification and characterization of the rDNA flanking regions sequences have
provided a platform to identify the potential functional elements present in these regions.
The ENCODE analysis and the gene prediction pipeline has revealed the presence of several
potential transcripts and transcriptional regulators in the distal flanking region (Floutsakou et
al. 2013). However, it cannot be ruled out that several other functional elements in addition
to these transcriptional regulators may also be present in the distal region. A comprehensive
study is required to identify these functional elements. One possible strategy to achieve this
is a phylogenetic footprinting analysis of the rDNA flanking regions similar to that
performed for the human IGS in Chapter 2. Further, it is difficult to target the proximal
region using molecular biology techniques because of the high level of segmental
duplication. Therefore, a computational method like phylogenetic footprinting may be useful
to study this region, too. However, similar to the human IGS phylogenetic footprinting here,
the biggest bottleneck is the absence of the sequences that flank the rDNA for other primate
species. Therefore, the first step to perform this analysis must be the identification of the
sequence of the rDNA flanking regions in the other primates. A strategy similar to the one
performed to identify the human rDNA flanking regions (section 3.1.2) involving
chromosome specific cosmid library screening, BAC walking and fluorescence in situ
hybridization could be employed for target primate species to identify the flanking

sequences.
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A comparative study involving the TDNA flanking regions of different yeast species has
shown despite different chromosomal locations and arrangements, the flanking regions are
generally conserved (Proux-Wera et al. 2013). This demonstrates that during the event of
translocation the flanking regions and the rDNA array moves together to another
chromosomes. In the primates, the NORs are distributed on multiple chromosomes. In
chimpanzee (Pan troglodytes) NORs are present on chr 14, 15, 17, 22 and 23, in gorilla
(Gorilla gorilla) on chr 22 and 23, in orangutan (Pongi pygmaues abelii) chr 11, 12, 13, 14,
15, 16, 17, 22 and 23, in gibbon (Hylobates lar) on chr 15 and in macaque (Macaque
mulatta) on chr 13. The chimpanzee chr 14, 15, 17, 22 and 23 are homologues to human chr
13, 14, 18, 21 and 22, gorilla chr 22 and 23 are homologues to human chr 21 and 22 while in
orangutan chr 11, 12, 13, 14, 15, 16, 17, 22 and 23 are homologues to human chr 2p, 2q, 9,
13, 14, 15, 18, 21 and 22 respectively. The chromosome 15 in gibbon and chromosome
13 in rhesus macaque are the marker chromosomes and do not have homologs in human.
Considering the multi and nonhomologous chromosomal distribution of the NORs in the
primates, it is difficult to say if similar to the rDNA, where a high selective evolutionary
constrain is applicable because of associated housekeeping function, the flanking regions are
also conserved among the primates. However, considering the case in yeast it is probable

that the flanking regions in some of the chromosomes are conserved among the primates.
4.2.8. Role of the rDNA flanking regions in nucleolar formation/fusion

Cancerous cells are marked by nucleolar enlargement that results from the fusion of smaller
nucleoli, a process known as nucleolar fusion (Maggi and Weber 2005; Montanaro et al.
2008). However, the mechanism that drives this nucleolar fusion is still not known. Our
collaborators have found that the rDNA flanking regions are localised to the periphery of the
nucleoli (Floutsakou et al. 2013), suggesting that these flanking regions may contain
elements that play roles in nucleolar formation/fusion. One possibility is that mutational
changes in these flanking region elements may prompt nucleolar fusion, leading to the cell
becoming cancerous. To explore this, a genome wide association study using the flanking
region sequences assembled here will be helpful to identify variants in cancerous and

noncancerous cells that may direct the process of nucleolar fusion.
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Appendix Table 1:

Assembly statistics for the primate whole genome assemblies.

Organism # of | Max contig | Mean | Length N50 Total size

contigs | length (bp) | (bp) | weighted of contigs
mean (bp)

Pan troglodytes 67,048 188,775 | 7,325 10,138 | 8,028 | 491,159,851

Gorilla gorilla 40,813 158,554 | 7,235 10,253 | 7,707 | 295,320,131

Pongo abelii 59,433 158,420 | 6,305 7,987 | 6,392 | 374,781,986

Nomascus 120,247 186,034 | 7,796 17,777 | 13,019 | 831,131,126

leucogenys

Macaca mulatta 78,153 197,050 | 4,772 5,542 | 4,800 | 372,969,636

Callithrix jacchus 133,543 207,318 | 6,813 9,145 | 7,641 | 909,956,131

Appendix Table 2: Coordinates for the conserved regions in the human IGS.

Conserved region name

Start coordinate

End coordinate

conR 1 13335 13406
conR 2 13639 13694
conR 3 13767 13885
conR 4 14828 14894
conR 5 15282 15407
conR 6 15470 15565
conR 7 15725 15791
conR 8§ 15866 15950
conR 9 16167 16322
conR 10 16608 17747
conR 11 17762 17822
conR 12 17907 18206
conR 13 18230 18280
conR 14 18488 18813
conR 15 18836 19229
conR 16 19372 20066
conR 17 20397 20777
conR 18 20807 21139
conR 19 25675 25751
conR 20 25843 25929
conR 21 25988 26052
conR 22 27385 27484
conR 23 28214 28600
conR 24 28619 28711
conR 25 28721 28806
conR 26 28854 29764
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Appendix Table 2: Coordinates for the conserved regions in the human IGS.

Conserved region name | Start coordinate | End coordinate
conR 27 29794 29845
conR_28 29870 30045
conR_29 30074 30268
conR 30 30475 30555
conR 31 30635 30706
conR 32 30817 30908
conR 33 31089 31205
conR 34 31302 31378
conR 35 31443 32312
conR_36 32382 32854
conR_37 32876 32952
conR_38 36769 36870
conR_39 36894 37480
conR 40 37525 37574
conR 41 37592 37669
conR 42 38377 38468
conR 43 38500 38914
conR 44 38950 39228
conR 45 39392 39751
conR 46 39775 40107
conR 47 40210 40296
conR 48 40329 40575
conR 49 41633 41699
conR 50 41923 42010
conR 51 42297 42407
conR 52 42711 42811
conR_53 42831 43972
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shown as diagonally shaded region. Each row represents the enrichment for an active histone modifications (green peaks), re
TF (blue peaks. The last three rows represent small poly(A)+ signal (purple peaks) or long ploy(A)-(blue boxes). The name of t
data is indicated to the left. The scale on left of each row represents the level of enrichment. The scale above shows the posit
demarcated by the pink vertical line. The grey rows represents the absence of the data for the histone modification or TF in the



¥81

Human rDNA IGS

31 kb
20kb E)
1

3
Cahsenved (] 1 RIED BSOSO Y BOS GO a0 B EKBSOOIRN B85 5 IR0
regions in IGS 123 4 5678 9 10 111213 14 15 16 17 18 192021 2 232425 26 27282930 323334 35 36 37
H3K04me1
l .
H3K04me2
| 2118 - i m 1 B | . 11 ] A - s 1

H3K04me3

H3k27ac

H2az

[
|
|

H3Ko9ac [

[

[

H3K36me3

H3K08me1

H3K79me2

H3K27me3

H3K0oome3

H4K20me1

CTCFb [

Pol2

Pol2b

Pol3

Bdp1

Brf1

Brf2

UBF

UBTF

ZNF143

Cmyc |— P AL 4 adodd A A i a
Tbp

Short PolyA(+) mapped "
reads Rep1 .,

Short PolyA(+) mapped "
reads Rep2

Long polyAl-)
transcripts.

Appendix Figure 2: Chromatin, transcription factor and transcript landscape of the IGS in umbilical v

Notations are same as in Appendix Figure 1.



¢8I

Human rDNA IGS

Wk Hkb Wk
1 1 1 1 1
C
kil
Conserved i iOBO IR B OGSO IO BXGOR KO (B0 B 38 3 XHBOOOURN 781 B IRGCOOOE Kb
regions in IGS 123 5678 8§ 10 i34 05 16 0798 192021 n BHS K TERWRHAR B W 3
HaKod4mel | [ . oo
mt
180,478
H3K04me2 [ A‘
I\ rF.
e
H3K04me3 [
mea | Ao
e
H3K08ac [
. .
o
H3k27
e [ P Aol
H2az |- . ‘
. - L o a M S
5698
H3K36me3
[___ B o Y W I W O WP WY e e

H3K09me1

oz

H3K79me2 . [

H3K27me3 [
o

aus
Hakoomes | “ &an e b A A a

H4K20me1 |-
o
21,038

CTCFb [

Pol2

Pol2b

Pol3

Bdp1

Bri1

Brf2

UBF

UBTF

ZNF143

s
Cmyc L-l y ¥1

Tbp

Appendix Figure 3: Chromatin, transcription factor and transcript landscape of the 1GS

Notations are same as in Appendix Figure 1.



981

Human rDNA IGS

3 kb
20k 0k
1 1 1 1 1
¥
Conserved 4 U B R B IRARARERL SXS BAA KA aan ‘ PRESPLAAAIR FUE BIEANSA %t
regions on IGS 1123 5678 9 0111213 14 1516 17 18 192021 2 232425 26 27282030 323334 35 36 37 38 39 40

9.5
H3K04me1 |-
. A i N s a_d a A 4 M. <

H3K04me2

!'EQ_
H3K04me3
A & .‘...‘_A.A.. o dbe aal A il s cub
Hakogac | ‘ : -
9ac AR M adi o b
2 - ke L

“
Hekarae 4[_ ‘ L. _l__-‘_‘_-____l___._ | | - ] - o~ 2 A T P
T
H2az «[ 1 Li| _
517
Hoksemes ) 1 A au ha ) B, DO, B | , " A oud A O ad

H3Kogme1

0623
H3K79me2 [

0

18285,

H3K27me3 [
ol a ‘A,L‘.‘-‘.‘A“._* P

H3K0gme3

H4K20 1 34272
me
il i

: 295,285
CTCFb [
2
Polz |

For2t JM M - _— n oA M MAm . e . e e

Pol3

Bdp1 [ ‘ ‘ a
qQ =y -~

Bri1 [

2474
Briz [

UBF

UBTF

584
ZNF143 J;:

Smc3

s s salh o e m o Sl il bt . -

———— & e o e e e e e

Gmye a b = AL L 1) e

Top |7 |-
Short PolyA(+) |1
mapped reads
Repl|

Shert PolyA(+) [ &
mapped reads [
Rep2

Long polyA(-)
transcripts

Appendix Figure 4: Chromatin, transcription factor and transcript landscape of the IGS in cen

Notations are same as in Appendix Figure 1



L81

Human rDNA 1GS

Conserved

20 kb 31kb EIT)
1 1 1 1 1
L
EE LR Bl e e s s clav l "als"l o7e s s "a"s") 88 a SATIRISINES BT 8 8N 52 [%e
123 4 56789 10 111213 14 15 16 17 18 192021 n 232425 26 27282930 323314 35 36 37 38 39

regions in IGS

H3Ko4me1 |

H3K04me2 |

1|
N s ail

b B
b

H3K04me3 ‘*""I’
0 Ak Abd
H3K09ac ‘“”SI' .
H3k27ac e h
. ~
Hz2az 5""[
all | - I = I & == || i TV RIS RS0 L a s L A .
H3K36me3
H3K09me1

1
b
2
b
b
"
-
[=
b
-

Hak7omez |

H3K27me3 |

il
H3K09me3

H4K20me1

CTCFb

Pol2

Polzb |

Pol3
Bdp1
Brf1
Brf2

UBF

UBTF

ZNF143
Cmyc

Tbp

Short PolyA(+),
mapped reads

Rep1
Short PolyA(+)
mapped reads

Rep2

Long palyA(-)
transcripts Rep1
Long polyA(-}
transcripts Rep2

|
:
i
[
|
L
:
s
I
T
#
E

[ e | s |
o

13
b
e
r

0.8
_:J: 'y 4 asa .. .4 .4 .k a I Al | TRV YRRITY T ¥ G P
e
B 5 5 Y WPV | A S ML W V7777 771
(| TWRILER (0] H | D S | R | e
feTs
“":‘[m#‘_‘__AAA._-‘A____‘_L—.‘___ O S U, i RIS el
il Ll . e
44727
'[ e _ah e P | Am -
14,788

Appendix Figure 5: Chromatin, transcription factor and transcript landscape of the IGS in leukaemia
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Appendix Table 3: Sequencing statics of the distal and proximal cosmids.

% of >=| Mean

Cosmid Yield Q30 Bases | Quality Mean length
name (Mbp) | % PF* | # Reads (PF) Score (PF) of reads (bp)
LA13 165F6 | 233 91.62 4,621,240 | 94.67 37.59 55

LA14 101B3 | 203 91.23 4,036,040 | 94.18 37.25 55
LA1525H3 | 217 92.92 4,237,550 95.5 37.88 55

N 29M24 281 92.39 5,530,692 | 94.99 37.67 55

LA13 438 88.40 9,013,761 93.28 37.12 55

133H12

LA1564C10 | 407 91.45 8,105,879 | 95.13 37.77 55

Appendix Table 4: Assembly

statistics for the distal

and proximal cosmid

assemblies
Max Total

#  of of | contig size of
Cosmid Average | #  of | contigs | contigs | length | Mean contigs
name Coverage | contigs | >100 | >N50 | (bp) (bp) | N50 | (bp)
LA13 165F6 4,172 83 24 4| 12224 | 2067 | 4351 | 49619
LA14 101B3 2,932 68 25 4| 12163 | 2138 | 5585 | 53460
LA15 25H3 4,363 30 9 2| 21892 | 4979 | 6521 | 44817
N 29M24 4,681 609 91 13| 3286 438 | 812 | 39879
LAI13 10,736
133H12 265 52 10 | 4427 814 | 1182 | 42337
LA15 64C10 7,554 304 66 14| 2573 719 | 1114 | 47490
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Appendix Table 5: Sequence similarity matrix for the distal region BAC clones.

AL5921 | AL3536 | CT4768 | CT4768 | CU6339 | CU6339 | CU6339 | CU6339 | CU6340 | CU6386 | F

88 (22) 44 (22) 34 (21) 37 (21) 04 (21) 06 (21) 67 (21) 71 (21) 19 (21) 89 (21) | «

AL5921 | X Iden = Iden = Iden = No No No Iden = Iden = No 1
88 (22) 99.0% 99.1% 99.2% overlap | overlap | overlap | 99.1% 98.8% overlap | 9
Len= Len= Len= Len= Len= L

101,647 | 24,990 88,539 70,584 14,940 7

AL3536 | Iden= X Iden = Iden = No No Iden = Iden = Iden = No 1
44 (22) 99.0% 98.9% 99.2% overlap | overlap | 99.0% 99.1% 98.8% overlap | 9
Len = Len = Len = Len= Len= Len= L

101,647 41,921 88,535 5,127 70,584 31,863 8

CT4768 | Iden= Iden = X Iden = Iden = Iden = Iden = Iden = Iden = Iden = 1
34 (21) 99.1% 98.9% 100% 100% 100% 100% 100% 100% 100% 1
Len= Len= Len= Len= Len= Len= Len= Len= Len= L

24,990 41,921 13,552 123,026 | 128,101 | 128,588 | 2000 165,310 | 89,432 9

CT4768 | Iden= Iden = Iden = X No No No Iden = Iden = No 1
37 (21) 99.2% 99.2% 100% overlap | overlap | overlap 100% 100% overlap 1
Len= Len= Len= Len= Len= L

88,539 8,535 13,552 70,585 3,503 5

CU6339 | No No Iden = No X Iden = Iden = No Iden = Iden = 1
04 (21) overlap | overlap 100% overlap 100% 100% overlap 100% 100% 1
Len= Len= Len= Len= Len= L

123,026 108,738 | 123,026 123,026 | 70,069 5

CU6339 | No No Iden = No Iden = X Iden = No Iden = Iden = 1
06 (21) overlap | overlap 100% overlap 100% 99.9% overlap 100% 100% 1
Len= Len= Len= Len= Len= L

128,101 108,738 110,590 120,606 | 108,905 | 4

CU6339 | No Iden = Iden = No Iden = Iden = X No Iden = Iden = 1
67 (21) overlap | 99.0% 100% overlap | 100% 99.9% overlap 100% 100% 1
Len= Len= Len= Len= Len= Len= L

5,127 128,588 123,026 | 110,590 128,588 | 71,921 5

CU6339 | Iden= Iden = Iden = Iden = No No No X No No I
71 (21) 99.1% 99.1% 100% 100% overlap | overlap | overlap overlap | overlap | 1
Len= Len= Len= Len= L

70,584 70,584 2,000 70,585 4
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Appendix Table 5: Sequence similarity matrix for the distal region BAC Clones

AL5921 | AL3536 | CT4768 | CT4768 | CU6339 | CU6339 | CU6339 | CU6339 | CU6340 | CU6386 | F
88 (22) 44 (22) 34 (21) 37 (21) 04 (21) 06 (21) 67 (21) 71 (21) 19 (21) 89 (21) .
CU6340 | Iden= Iden = Iden = Iden = Iden = Iden = Iden = No X Iden = 1
19 (21) 98.8% 98.8% 100% 100% 100% 100% 100% overlap 100% 1
Len = Len = Len = Len = Len= Len= Len= Len= L
14,940 31,863 165,310 | 3,503 123,026 | 120,606 | 128,588 81,937 8
CU6386 | No No Iden = No Iden = Iden = Iden = No Iden = X 1
89 (21) overlap | overlap 100% overlap | 100% 100% 100% overlap 100% 1
Len = Len= Len= Len= Len= L
89,432 70,069 108,905 | 71,921 81,937 3
FP2362 | Iden= Iden = Iden = Iden = Iden = Iden = Iden = Iden = Iden = Iden = D,
41 (21) 99.1% 98.7% 100% 100% 100% 100% 100% 100% 100% 100%
Len= Len= Len= Len= Len= Len= Len= Len= Len= Len=
71,235 88,164 96,652 59,714 56,186 41,898 59,986 48,162 86,603 3,229
FP2363 | Iden= Iden = Iden = Iden = Iden = No Iden = Iden = Iden = No 1
15 (21) 99.1% 99.0% 100% 100% 100% overlap 100% 100% 100% overlap 1
Len= Len= Len= Len= Len= Len= Len= Len= L
93,698 110,608 | 49,829 | 82,137 9,363 13,073 70,584 39,780 9
FP2363 | Iden = Iden = No Iden = No No No Iden = No No 1
83 (21) 99.2% 99.1% overlap | 100% overlap | overlap | overlap 100% overlap | overlap 1
Len= Len= Len= Len= L
74,223 74,227 74,119 66,153 4
FP6711 | Iden= Iden = Iden = Iden = No No No Iden = Iden = No 1
20 (21) 99.1% 99.1% 100% 100% overlap | overlap | overlap 100% 100% overlap 1
Len= Len= Len= Len = Len= Len= L
101,648 | 102,335 | 25,655 90,103 70,585 15,606 7
ACO0118 | No No Iden = No Iden = Iden = Iden = No Iden = Iden = \
41 (17?) | overlap | overlap | 98.31% | overlap | 98.46% | 98.85% | 98.42% | overlap | 98.3% 98.7% 0
Len= Len= Len= Len= Len= Len=
55,002 35,589 92,734 37,422 47,490 74,515




Appendix Table 6: Repeat statistics of the distal contig.

Total length: 379046 bp (379046 bp excl N/X-runs)
GC level: 41.48 %
bases masked: 244630 bp ( 64.54 %)

number of length percentage
elements* occupied of sequence
SINEs: 117 27250 bp 7.19 %

ALUs 108 26260 bp 6.93 %

MIRs 9 990 bp 0.26 %

LINEs: 78 95143 bp 25.10
LINEL 75 94873 bp 25.03 3%
LINE2 3 270 bp 0.07 $
L3/CR1 0 0 bp 0.00 %

%

LTR elements: 80 52738 bp 13.91 %
ERVL 21 18975 bp 5.01 %
ERVL-MalRs 23 6926 bp 1.83 %

ERV classI 36 26837 bp 7.08 %
ERV classII 0 O bp 0.00 %

DNA elements: 4 598 bp 0.16 %
hAT-Charlie 4 598 bp 0.16 %
TcMar-Tigger 0 0 bp 0.00 %

Unclassified: 1 2003 bp 0.53 %

Total interspersed repeats: 177732 bp 46.89 %

Small RNA: 5 897 bp 0.24 %

Satellites: 18 61181 bp 16.14 %
Simple repeats: 62 3512 bp 0.93 %
Low complexity: 11 1308 bp 0.35 %
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Appendix Table 7: Repeat statistics of the proximal contig.

Total length: 209483 bp (209483 bp excl N/X-runs)
GC level: 43.32 %
bases masked: 112232 bp ( 53.58 %)

number of length percentage
elements* occupied of sequence
SINEs: 73 19309 bp 9.22 %

ALUs 66 18302 bp 8.74 %

MIRs 7 1007 bp 0.48 %

LINEs: 48 40600 bp 19.38
LINEL 41 39077 bp 18.65 %
LINE2 4 983 bp 0.47 %
L3/CRL 3 540 bp 0.26 3%

%

LTR elements: 41 29025 bp 13.86 %
ERVL 6 1817 bp 0.87 %

ERVL-MalRs 15 6375 bp 3.04 %

ERV classI 16 14078 bp 6.72 %
ERV classII 2 5877 bp 2.81 %

DNA elements: 18 6494 bp 3.10 %
hAT-Charlie 6 980 bp 0.47 %
TcMar-Tigger 10 4830 bp 2.31 %

Unclassified: 0 0 bp 0.00 %

Total interspersed repeats: 95428 bp 45.55 %

Small RNA: 1 577 bp 0.28 %

Satellites: 12 13688 bp 6.53 %
Simple repeats: 39 2350 bp 1.12
Low complexity: 3 189 bp 0.09 %

o°
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Appendix Table 8: Segmentally duplicated regions from the proximal contig.

Contig | Start | End Length | Duplicate Start End %
chromosome identity
position

PJ 1 105260 | 105260 | Chromosome 1 143533694 | 143428925 | 96.5

PJ 1 73800 | 73800 | Chromosome 1 142553006 | 142568640 | 94.6

PJ 1 73523 | 73523 Chromosome 1 142957003 | 142882933 | 92.6

PJ 74595 105050 | 30456 Chromosome 1 142632870 | 142662577 | 92

PJ 83766 | 89181 | 5416 Chromosome 1 142867130 | 142861830 | 93.6

PJ 45647 | 50040 | 4394 Chromosome 1 826486 830889 92.6

PJ 100926 | 105105 | 4180 Chromosome 1 143290746 | 143286566 | 94.1

PJ 142793 | 146966 | 4174 Chromosome 1 143236907 | 143241077 | 96.5

PJ 142793 | 146963 | 4171 Chromosome 1 143351481 | 143347325 | 96.4

PJ 100926 | 105050 | 4125 Chromosome 1 143154903 | 143159025 | 95.5

PJ 142793 | 145163 | 2371 Chromosome 1 142797349 | 142799737 | 96

PJ 100942 | 103157 | 2216 Chromosome 1 142853069 | 142850868 | 94

PJ 77250 | 79225 | 1976 Chromosome 1 143134409 | 143136392 | 95.1

PJ 105310 | 143700 | 38391 Chromosome 2 95520400 | 95559252 | 90.4

PJ 166722 | 191289 | 24568 Chromosome 2 132522403 | 132547076 | 90.9

PJ 157565 | 166067 | 8503 Chromosome 2 132513740 | 132522358 | 93.2

PJ 176920 | 180292 | 3373 Chromosome 2 132577642 | 132580992 | 92.7

PJ 162850 | 166067 | 3218 Chromosome 2 132555152 | 132558361 | 94.5

PJ 103245 | 105238 | 1994 Chromosome 2 132391991 | 132393988 | 84.9

PJ 103700 | 105238 | 1539 Chromosome 2 131424391 | 131425925 | 87.6

PJ 205180 | 206424 | 1245 Chromosome 2 162137144 | 162138410 | 89.1

PJ 103245 | 104369 | 1125 Chromosome 2 132034672 | 132035800 | 85.2

PJ 103245 | 104369 | 1125 Chromosome 2 131209987 | 131211114 | 84.8

PJ 103245 | 104369 | 1125 Chromosome 2 131207537 | 131208665 | 85.6

PJ 103245 | 104369 | 1125 Chromosome 2 131428006 | 131429134 | 85.8

PJ 103254 | 104365 | 1112 Chromosome 2 131427378 | 131428485 | 85.1

PJ 103254 | 104365 | 1112 Chromosome 2 131208186 | 131209296 | 85.7

PJ 103254 | 104364 | 1111 Chromosome 2 132034042 | 132035151 | 85.4

PJ 103245 | 104298 | 1054 Chromosome 2 130819347 | 130820398 | 85.1

PJ 103350 | 104369 | 1020 Chromosome 2 130822611 | 130823632 | 85.2

PJ 103245 | 104260 | 1016 Chromosome 2 130823142 | 130824161 | 86.7

PJ 20453 | 71388 | 50936 Chromosome 3 75829445 | 75880859 | 92
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Contig | Start | End Length | Duplicate Start End %
chromosome identity
position

PJ 360 20452 | 20093 Chromosome 3 75887065 | 75906840 | 91.1

PJ 71560 | 88466 | 16907 | Chromosome 3 75809054 | 75826395 | 90.1

PJ 77250 | 94391 | 17142 | Chromosome 4 49180639 | 49198010 | 93.5

PJ 77250 | 88799 | 11550 Chromosome 4 49608353 | 49620270 | 91.1

PJ 99701 105105 | 5405 Chromosome 4 49202173 | 49207588 | 94.5

PJ 99701 | 105105 | 5405 Chromosome 4 49588922 | 49594333 | 94.4

PJ 64214 | 67839 | 3626 Chromosome 4 49161181 | 49164805 | 93

PJ 64214 | 66367 | 2154 Chromosome 4 49628635 | 49630784 | 92.9

PJ 204592 | 206423 | 1832 Chromosome 4 49282737 | 49284629 | 86.1

PJ 204592 | 206423 | 1832 Chromosome 4 49294922 | 49296797 | 87.7

PJ 204592 | 206423 | 1832 Chromosome 4 49301077 | 49302933 | 87.9

PJ 204592 | 206423 | 1832 Chromosome 4 49307357 | 49309231 | 87.9

PJ 204592 | 206423 | 1832 Chromosome 4 49514283 | 49516172 | 87.2

PJ 204592 | 205855 | 1264 Chromosome 4 49311042 | 49312353 | 87.7

PJ 143988 | 145443 | 1456 Chromosome 7 97499612 | 97501087 | 88.5

PJ 132568 | 133633 | 1066 Chromosome 7 97488744 | 97489797 | 88.2

PJ 161526 | 199611 | 38086 | Chromosome 9 42259637 | 42297833 | 92

PJ 161526 | 192870 | 31345 Chromosome 9 70655139 | 70686615 | 93.3

PJ 161526 | 192869 | 31344 Chromosome 9 45400618 | 45431950 | 93.6

PJ 175341 | 191110 | 15770 | Chromosome 9 68322537 | 68338220 | 94.1

PJ 192869 | 199611 | 6743 Chromosome 9 45394186 | 45400585 | 90

PJ 193195 | 199610 | 6416 Chromosome 9 70686619 | 70693040 | 94.9

PJ 193198 | 199611 | 6414 Chromosome 9 43203986 | 43210444 | 94.4

PJ 161526 | 166068 | 4543 Chromosome 9 68308254 | 68312765 | 94.7

PJ 106413 | 109844 | 3432 Chromosome 9 44117027 | 44120374 | 87.7

PJ 108137 | 111348 | 3212 Chromosome 9 42364995 | 42368241 90.6

PJ 189660 | 192870 | 3211 Chromosome 9 43210454 | 43213696 | 94.1

PJ 158413 | 161573 | 3161 Chromosome 9 45431993 | 45435142 | 95.7

PJ 108232 | 111348 | 3117 Chromosome 9 69378612 | 69381771 90.9

PJ 108232 | 111348 | 3117 Chromosome 9 43133754 | 43136914 | 91

PJ 108235 | 111348 | 3114 Chromosome 9 67923394 | 67926548 | 90.9

PJ 166072 | 168898 | 2827 Chromosome 9 68312893 | 68315739 | 94.9

PJ 158413 | 160331 | 1919 Chromosome 9 70653271 70655188 | 96.1
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Contig | Start | End Length | Duplicate Start End %
chromosome identity
position

PJ 158413 | 160331 | 1919 Chromosome 9 42257769 | 42259686 | 95.8

PJ 158413 | 160260 | 1848 Chromosome 9 68306368 | 68308214 | 96

PJ 106413 | 107996 | 1584 Chromosome 9 43132024 | 43133529 | 88.2

PJ 198109 | 199611 | 1503 Chromosome 9 68338785 | 68340315 | 94.5

PJ 102087 | 103220 | 1134 Chromosome 9 38567007 | 38568129 | 86.5

PJ 168902 | 191112 | 22211 | Chromosome 14 19758417 | 19780416 | 91.7

PJ 158413 | 168513 | 10101 | Chromosome 14 19817857 | 19828180 | 93

PJ 161526 | 168901 | 7376 Chromosome 14 19750845 19758348 | 93.2

PJ 162863 | 168513 | 5651 Chromosome 14 19361516 | 19367278 | 92.5

PJ 103982 | 105265 | 1284 Chromosome 14 19600050 | 19601322 | 85.1

PJ 103982 | 105265 | 1284 Chromosome 14 19974090 | 19975362 | 85.1

PJ 176920 | 180678 | 3759 Chromosome 18 14989355 14993073 | 93

PJ 201937 | 203471 | 1535 Chromosome 19 44916370 | 44917954 | 84.9

PJ 204592 | 206073 | 1482 Chromosome 19 44962091 | 44963591 | 89.8

PJ 202036 | 203471 | 1436 Chromosome 19 44959179 | 44960652 | 87

PJ 204672 | 206073 | 1402 Chromosome 19 44913397 | 44914821 | 89.2

PJ 16075 | 71345 | 55271 | Chromosome 21 10113638 | 10168755 | 94.6

PJ 158413 | 199611 | 41199 Chromosome 21 10604062 | 10645045 | 92.8

PJ 74600 | 95600 | 21001 Chromosome 21 10178710 | 10199160 | 92.6

PJ 74595 | 94392 | 19798 | Chromosome 21 9662432 9682082 94.4

PJ 1 15750 | 15750 | Chromosome 21 10097985 | 10113638 | 94.1

PJ 94695 105103 | 10409 Chromosome 21 9682085 9692595 90.4

PJ 64214 | 69025 | 4812 Chromosome 21 9645775 9650595 93.1

PJ 99060 | 103157 | 4098 Chromosome 21 10199865 | 10203948 | 95.1

PJ 71425 | 73760 | 2336 Chromosome 21 9653425 9655770 92

PJ 69195 | 71350 | 2156 Chromosome 21 9650595 9652751 93.6

PJ 159895 | 191112 | 31218 | Chromosome 22 16062555 | 16093911 | 92

PJ 162863 | 168513 | 5651 Chromosome 22 16460105 | 16465867 | 92.5

PJ 103982 | 105265 | 1284 Chromosome 22 16241735 16243007 | 85.1

PJ 103982 | 105265 | 1284 Chromosome 22 16246649 | 16247921 | 85.9

PJ 1 141920 | 141920 | Chromosome Y 13295249 | 13436504 | 95.6

PJ 164404 | 171133 | 6730 Chromosome Y 13239281 13246083 | 96.1

PJ 144448 | 146947 | 2500 Chromosome Y 13292733 13295248 | 96.45
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Appendix Table 9: Segmentally duplicated regions from the proximal contig.

Duplicate %
Contig | Start End Length | chromosome Start End ) )
location Identity
DJ 104572 | 107241 | 2670 Chromosome 1 68626275 | 68628991 85.9
DJ 321433 | 324062 | 2630 Chromosome 1 68626302 | 68628991 86.8
DJ 339231 | 340355 | 1125 Chromosome 2 133118377 | 133119492 | 86.9
DJ 133743 | 134999 | 1257 Chromosome 3 75692439 | 75693702 90.5
DJ 187100 | 192124 | 5025 Chromosome 3 75683443 | 75688394 86.5
DJ 192335 | 195685 | 3351 Chromosome 3 75679409 | 75682745 88.5
DJ 229508 | 233248 | 3741 Chromosome 3 75679017 | 75682746 88.7
DJ 233455 | 235987 | 2533 Chromosome 3 75683438 | 75685973 89.4
DJ 291986 | 295386 | 3401 Chromosome 3 75690329 | 75693702 88.8
DJ 133743 | 134999 | 1257 Chromosome 4 190967606 | 190968868 | 90.2
DJ 189397 | 192119 | 2723 Chromosome 4 190975243 | 190978018 | 87.3
DJ 192335 | 194410 | 2076 Chromosome 4 190978791 | 190980900 | 89.1
DJ 194452 | 196632 | 2181 Chromosome 4 190980897 | 190983106 | 89.3
DJ 228930 | 233248 | 4319 Chromosome 4 190978790 | 190983106 | 88.5
DJ 233455 | 235987 | 2533 Chromosome 4 190975469 | 190978029 | 88.4
DJ 291986 | 294160 | 2175 Chromosome 4 190968819 | 190970979 | 87.7
DJ 104624 | 106629 | 2006 Chromosome 5 97912035 | 97914081 87.2
DJ 322240 | 324062 | 1823 Chromosome 5 97912219 | 97914060 85.7
DJ 104572 | 105914 | 1343 Chromosome 10 | 126676918 | 126678260 | 90.4
DJ 322759 | 324062 | 1304 Chromosome 10 | 126676945 | 126678269 | 91.5
DJ 133743 | 134999 | 1257 Chromosome 10 | 135459443 | 135460705 | 89.9
DJ 189397 | 192124 | 2728 Chromosome 10 | 135466940 | 135469711 87.7
DJ 192335 | 196632 | 4298 Chromosome 10 | 135470341 | 135474655 | 88.8
DJ 228930 | 233248 | 4319 Chromosome 10 | 135470340 | 135474655 | 89.1
DJ 233455 | 235987 | 2533 Chromosome 10 | 135467165 | 135469716 | 88.9
DJ 291986 | 295386 | 3401 Chromosome 10 | 135459443 | 135462818 | 87.9
DJ 322516 | 323669 | 1154 Chromosome 11 | 43544396 | 43545549 85.6
DJ 191180 | 192208 | 1029 Chromosome 12 | 38482027 | 38483048 85.3
DJ 233375 | 234434 | 1060 Chromosome 12 | 38482027 | 38483075 85.2
DJ 104453 | 105987 | 1535 Chromosome Y 59001390 | 59002913 91.1
DJ 322768 | 324223 | 1456 Chromosome Y 59001463 | 59002943 88.6
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Appendix Table 10: Multiple sequence alignment for the ACRO138 repeat.

DJ 136616 136731
DJ 136738 136867
DJ 136868 137009
DJ_ 137010 137147
DJ 137151 137289
DJ_137290 137427
DJ 137429 137567
DJ 137572 137706
DJ 137711 137834
DJ 137857 137974
DJ 137974 138108
DJ 138117 138253
DJ 138257 138396
DJ 138397 138541
DJ 138607 138743
DJ 138744 138871
DJ 138885 139020
DJ 139111 139228

R DJ 289297 289418
R DJ 289508 289645
R DJ 289651 289787
R DJ 289785 289923
R DJ 289924 290063
R DJ 290069 290209
R DJ 290212 290349
R DJ 290358 290486
R DJ 290492 290609
R DJ 290631 290763
R DJ 290771 290886
R DJ 290910 291045
R DJ 291093 291231
R DJ 291233 291370
R DJ 291530 291663
R DJ 291668 291808
R DJ 291809 291944
R DJ 291945 292085
R DJ 292085 292203

DJ 136616 136731
DJ 136738 136867
DJ 136868 137009
DJ 137010 137147
DJ 137151 137289
DJ 137290 137427
DJ 137429 137567
DJ 137572 137706
DJ 137711 137834
DJ 137857 137974
DJ 137974 138108

—————————————————————————— CATGCTGGGAT------TGTAGTCC-TGTAGCCC
————————— TGTCCCTGACCCCAGTGCATAATGGGAT------GGTAGTCC-TGCAGCCC
AATGCGCACTCTCCCTGAGCCGGGTGCATGCTGGGAT-—-——— TGTAGTCC-TGCAGCCC
--—-GCGCACATTCCCTGCGCCCGGTCCATGCTAGGAT-—-—-—~ TGTAGCGC-TGCAGCCC
—---GCGCACTCTCCCTGATCCCGATGTATGCTGGGAT--—-——— TGTAGTGA-TGCAGCCC
--—-GCGCGTTGTCCCTGAGCAGGATGCATGCTGGGAT-—-—-—— TGTAGTCC-TGAAGCCC
—---GCGGACTGCCCCGGCGCCCCGTGCATGCTGGAAT--———— TGTAGTCC-TACAGCGA
————— GCACTCTCCCTGAGCCAGAGATATGCTGAAAT------TGTACTGC-TGCAGCCC
—————— CACTGTCCATGAACCCGCTGCATGCTGGCAT------TGTAGTCC-TGCAGCCC
———————————————————————— TGCATCCTGGGAT------TGTAGTCC-TGTAGCCC
—-ATGTGGACTCTCCCTGAGCCCCGTGCATGCTGGGAT--—-——— TGTAGTC-TTATAGCAC
--—-GCGCACTGTCACTGAGCTGGGTGCATGCTAGGAT-—-—-—~ TGTAGTCC-TGCAGCCT
—---GCGCACTATCCCTGAGCTGGGTGCATGTTGGGAT--—-——~— TGCAGTCC-TGGATCTC

—---GCGCGCTGTCCCTGAGCCCAGTGCATGCTGGGGCTGGAAGTGTAGTCC-TTCAGGCC

————— GCACTGTCTCTTAGCCAGGTGCATGCTGGGAT------TGTAGTC-TTCCCGCCC
—---GCGCACTATCCTTGATCTTGGTGCATACTGGGAT---——- TGTAGTCC-TGCTGCCC
————— GCACTATCCCTGATCCCGGTGCATGATGGGAA--~--—--TGTAGTCC-TGCAGCCC
—---GCGCACTGTCTCTGATTCCGGTGTATGCTGGAAT--—-——— TGGGGTGC-TGCAGCCC
---GCGCACTGTCCCTGATTCCGTTGTATGCTGGGAT---——~— TGTGGTGC-TGCAGCCC
——---CGCACTATCCCTGATCCCGGTGCATGATGGAAA-——-——— TGTAGTCC-TTCAGCCC
AACGCGCACTATCCTTGATCTTGGTGCATACTGGGAT-———-— TGTAGTTC-TGCGGCCC
---GCGCAATTTCCTTGAGCCCGGTGCTGGCTGGGAG-~-~-——~— TGTAGTCC-TGCAGCCC

———————— CTGTCCCTGAGCCCAGTGCATGCTGGGGCTGGAAGTGTAGTCC-TTCAGCCC

---GCGCACTGTCCCTGAGCTGGGTGCATGCTGGGAT--—-——~— TGCAGTCCTTGGCGATC
—---GCGCACTGTCACTGAGCTGGGTGCATACTAGGAA-————— TGTATTCC-TGCAGCCC
——————— ACTGTCCGTGAGCCCCAAGCATGCTGGGAT-~---—--TGTAGTC-TTATAGCAC
———————————————————————— TGCATTCTGGGAT------TGGAGTCC-TGCAGTCC
————————— TGTCCGTGAGCCCCAAGCATGCTGGGAT------TGTAGTC-TTATAGCAC
—————————————————————————— CATACTGGGAT------TGTAGTCC-TGCAGCCC
—————— CACAGTCCCTGAACTCGCTGCATGCTGGGAT------TGTAGTCC-TGCAGCCC
—---GCGAACTGTCCCGGTGCCCCGTGCATGCTGGAAT-————— TGTAGTCC-TACAGCTA
—---GCGCGCTCTCCCTGAGCACGGTGCATGCTGGGAT--—-——~— TGTAGTCC-TGAAGCCC
——————— ACTTTCCCTGAGCCCGGTGCATGCTAGGAT------TGTAGCGC-TGCAGCCC
AATGCGCACTGTCCCTGAGCTGGGTGCATGCTGGGAT-————— TGTAGTCC-TGCAGCCC
—---GCGGACTGTCCCTGACCCCAGTGCATACTGGGAT--—-——~— GGTAGTCC-TGCATCCC
—-ATACGCATTGTCCCTGAGACAGGTGCATGCTAAGAT---——- TGTAGTCC-TGAAGCTC
—————————————————————— GGCGCATGCTGGGAT------TGTAGTCC-TGTAGCCA

TTTGACCAAAGGGCTGGGAGTGTTTATAAGAATACATCTCCCAGCAAG-CCGAGGGAGAC
TGTGACACAAGTTCTGGTAGTCTTTATGAAACTACATCTCCCAGCAAG-CAGAAGGAGGC
GGTGATGAGAGGTCTGGGAGTGTTTATGAGACTGCAACTCCCACCAAG-CCCAGAGAGGC
AGTGACCAAAGGGCTGGGAGTGTTTATGAGACTGCATCTCCCAGCAAG-ACCAGCGAGGT
AGTGACCAAAGGGCTGGGAGTGTTTACGAGAATACGTATCCCAAAAAG-CATAGCGAGAA
TGTGACCAAAGGGCTGGGAGAAATAAAGAGACAACATCTCCCAGAAAG-CCCAGCAAGGC
TGTGATGAAAGGGCTGGTAGTGTTTATGAGACTACCTCTCCCAGCAAG-CCCAGAGAGGT
TGCGACCAAACGACTGGG-GTAGTTATGAGACTGCATCTCCCTGCAAG-CCCAGCGAGGC
TGTGACCAAAGGGCCAA-——-—-—————— GAGACCACATCTCCCAGAAGA-CCTAGGGAGAC
TGTGACAAAAGGTCTGAGAGTCTTTATGAAACAACATCTCCCAGCAAA-CGCAGCGAGGT
TGTGACCATAGGGCAGGGAGAGGCCATGGGACTACATCTCCCAGGAAG-CCCAGCAAGGC
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DJ 138117 138253
DJ 138257 138396

DJ 138397 138541

DJ 138607 138743

DJ 138744 138871

DJ 138885 139020

DJ 139111 139228

R DJ 289297 289418
R DJ 289508 289645
R DJ 289651 289787
R DJ 289785 289923
R DJ 289924 290063
R DJ 290069 290209
R DJ 290212 290349
R DJ 290358 290486
R DJ 290492 290609
R DJ 290631 290763
R DJ 290771 290886
R DJ 290910 291045
R DJ 291093 291231
R DJ 291233 291370
R DJ 291530 291663
R DJ 291668 291808
R DJ 291809 291944
R DJ 291945 292085
R DJ 292085 292203

TATGACCAAAGGGATGGGAGTGTTTATGAGAATACATCTCCCAGTACG-CCCAG-GAGGT
TGTGACCAAAGGGCTGGGAGCGTTAATGAGACTACATCTCCCAAAAAATCACAGCTAGAA
TGTGATGAAAGGGCTGGGAGGTTTTATGAGAATACAACTCCCAGCAAG-CCTGGCGAGTA
TATGACCAAAGGGTTGGGTATGTTTATGAGAATACATATCCCACCAAG-TCCAGCGAGGC
TGTAATGAAAAGTCTGGGTGTCTTTATGAAACTACATCTCCCAGGAAG-CCAAAGGAGGC
TGTGACCAAAGGGCTGGGAGTGTTTATGAGACAGCATCTCTCAGCAAG-CAAAGCAAGGC
TGTGACCAAAGGGCTGGGAGTCTTTATAAGACTACATCTCCCAGCAAG-CACAA-GAGGT
TGTGACAAAGGGGCTGGGAGTCTTTATAAGACTACATCTCCCAGCAAG-CCCAA-GAGGC
TGTGACCAAAGGGCTGGGAGTGTTTATGAGACCGCATCTCTCAGCAAC-TAAAGCAAGGC
TGTAATGAAAGGTCTG-GTGACTTTATGAAACTACATCTCCCAGCAAG-CCAAAGGAGGC
TGTGACCAAAGGTTTGGGAGTATTTATGAGAATACATATCCCACCAAG-CCCAGCGAGAC
TGTGATGATAGGGCTGCGAGGATTTATGAGAATACATCTCCCAGCAAG-CCCAGCGAGTA
TATGACCAAAGGGCTAGGAGTGTTAATGAGACTACATCTCCCAAAAAAGCAGAGTGAGAA
TGTGAGCAAAGAGCTGGGAGTGTTTATGAGAATACATCTCCCAGTACT-CCCAG-GAGGT
CGTGACCAAAGGACAGGGAGAGGCCATGAGACTACAACTCTCAGGAAA-CCCAGCAAGGC
CGTGACAAAAGGTCTCAGAGTCTTTATGAAACTACATTTCCTAGCAAG-TGCAGCGAGGT
TGTGAGCCAAGGGTAGGGAGAGGACACGAGACTACATCTCCGAGAAAA-CCTAGGGAGAC
TATGACAAAAGGTCTGAGAGGCTTTATGAAACTACATTTCCCAAGAAG-CGCAGCGAGGT
TGTGACCAAAGGGCCAAGAGTGTTTATGAGACTACATCTCCCAGAAAA-CGTAGGGAGAG
TGTGATGAAAGGGCTGGGATTGGTTATCAGAATGCATCTCCCAGCAAG-CCCAGCGAGGC
TGTGACAAAAGGGCTGGGAGAAATAATGAGACTACATCTCCCAGAAAG-CCCAGCGAGAC
TGTGACAAAAGGGCTGTGAGTGTTTATGAGACTGCATCTTCCACCAAG-CCCAGAGAGGC
GGTGATGAAAGGTCTGGGAGTGTTTATGAGACTACATCTCCTACCAAG-CCCAG-GAGGT
TGTGATGAAAGTTCTGGGAGTCTCTATGAAACTACCTCTCCCAGGAAG-CAGAAGGAGGG
TGCGACCAAAGGGCTGGGAGTGTTTATGAGCATATATCTCCCAGCAAG-CCTAGGAAGAC
TTTGACCAAAGGGCTGGGAGTGTTTATGAGAATACAACTCCCAGCAAT-CCTAGGGAGGA

Appendix Table 11: Consensus sequence of ACRO138 repeats.

> consensus_seq_of ACRO138
GCGCACTGTCCCTGAGCCCGGTGCATGCTGGGATTGTAGTCCTGCAGCCCTGTGACCAAAGG
GCTGGGAGTGTTTATGAGACTACATCTCCCAGCAAGCCCAGCGAGGCGCNCACAGCCCCGCC

TCTTCCTCCAGTGA
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The shared genomic architecture of human nucleolar
organizer regions

loanna Floutsakou, " Saumya Agrawal, ** Thong T. Nguyen, ** Cathal Seoighe, *
Austen R.D. Ganley, 2 and Brian McStay '~

'Centre for Chromosome Biology, School of Natural Sciences, National University of Ireland, Galway, Galway, Ireland; Institute
of Natural and Mathematical Sciences, Massey University, Auckland 0632, New Zealand; *School of Mathematics, Statistics
and Applied Mathematics, National University of Ireland, Galway, Galway, Ireland

The short arms of the five acrocentric human chromosomes harbor sequences that direct the assembly and function of the
nucleolus, one of the key functional domains of the nucleus, yet they are absent from the current human genome
assembly. Here we describe the genomic architecture of these human nucleolar organizers. Sequences distal and proximal
to ribosomal gene arrays are conserved among the acrocentric chromosomes, suggesting they are sites off requent re-
combination. Although previously believed to be heterochromatic, characterization of these two flanking regions reveals
that they share a complex genomic architecture similar to other euchromatic regions of the genome, but they have
distinct genomic characteristics. Proximal sequences are almost entirely segmentally duplicated, similar to the regions
bordering centromeres. In contrast, the distal sequence is predominantly unique to the acrocentric short arms and is
dominated by a very large inverted repeat. We show that the distal element is localized to the periphery of the nucleolus,
where it appears to anchor the ribosomal gene repeats. This, combined with its complex chromatin structure and tran-
scriptional activity, suggests that this region is involved in nucleolar organization. Our results provide a platform for
investigating the role of NORs in nucleolar formation and function, and open the door for determining the role of these

regions in the well-known empirical association of nucleoli with pathology.

[Supplemental material is available for this article.]

A detailed description of how the genome is organized within the
nuclei of human cells to facilitate proper cellular functions is one
of the major unsolved problems in biology. While genome-wide
technologies are beginning to have an impact (Lieberman-Aiden
et al. 2009; The ENCODE Project Consortium 2012), the picture is
incomplete since critical regions of the human genome remain
unidentified. Prominent among these missing regions is the chro-
mosomal context around which nucleoli form, termed the nucleolar
organizer region (NOR) (McClintack 1934). The nucleolus is the
largest functional domain within the nucleus and is the site of ri-
bosome biogenesis. It has a distinct structure and houses ribosomal
RNA gene (fDNA) transcription, preribosomal RNA (pre-rRNA)
processing, and preribosome assembly (Qlson 2011). The rDNA re-
peats encode the major rRNA species and are organized into large
head-to-tail tandem arrays located at the NORs [McStay and
Grummt 2008). Extensive binding by the nucleolar DNA binding
protein, UBF (encoded by  UBTF ), across the rDNA is responsible for
their distinctive appearance on metaphase chromosomes, in which
they form secondary constrictions (Mais et al. 2005; McStay and
Grummt 2008). Despite ribosome biogenesis being central to cel-
lular biology, many aspects of nucleolar formation, organization, and
function remain to be elucidated, and the genomic architecture of
NORs has not been described for any vertebrate to date.

In humans, the approximately 300 rDNA repeats are distrib-
uted among five NORs on the short arms of the acrocentric chro-
mosomes (HSA13-15, HSA21, and H5A22) (Henderson et al. 1972;

#These authors contributed equally to this work,
*Corresponding author
E-mail brian.mestay@nuigalway.ie

Article published online before print. Article, supplemental material, and publi-

cation date are at http://www.genome.org/cgi/doi/10.1101/gr.157941.113.
Freely available online through the Genome Research Open Access option.

Schmickel 1973; Stults et al. 2008). In most human cells, a majority
of NORs are active and coalesce to form between one and three
nucleoli (Savino et al. 2001). While discrete, nucleoli are not en-
capsulated and instead seem to be self-organizing, highly dynamic
structures (Dundr et al. 2002; Andersen et al. 2005; Sirri et al. 2008)
that are spatially isolated from the rest of the nucleoplasm by
a shell of heterochromatin (Nemeth and Langst 2011). However,
the apparent heterochromatic nature of the regions flanking the
rDNA has made them a low priority for genomic analysis (In-
ternational Human Genome Sequencing Consortium 2004), and
thus, the five acrocentric chromosome short arms are missing from
the current human genome assembly.

The enormous demand for ribosomes by actively growing cells
puts nucleoli at the forefront of cellular growth regulation. Links
between nucleoli and growth pathologies date back over a century
to observations of abnormal nucleoli in tumor cells (Pianese 1896).
Recently, molecular studies have begun to clarify this relationship,
with evidence supporting roles for tumor suppressor genes and
oncogenes in rDNA transcriptional regulation (Budde and Grummt
1999; Hannan et al. 2000; Grummt 2003; Grandori et al. 2005), and
adirect role for increased rDNA transcription in the development of
malignancy (Bywater et al. 2012). Surprisingly, recent studies have
also revealed that the nucleolus plays roles in many other bi-
ological processes, ranging from aging and cell cycle progression
to X-chromosome inactivation and viral replication (Visintin et al.
1999; Boisvert et al. 2007; Zhang et al. 2007; Ganley et al. 2009). The
central role of the nucleolus in growth regulation, coupled with the
potential for the regions adjacent to the rDNA to contribute to NOR

© 2013 Floutsakou et al. This article, published in ~ Genome Research, is avail-

able under a Creative Commons License (Attribution-NonCommercial 3.0
Unported), as described at http//creativecommons.org/licenses/by-nc/3.0/.
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function, prompted us to investigate the genomic context in which
the rDNA resides. Here we present the identification and character-
ization of >550 kb of sequence flanking both sides of the rDNA array.

Results

Identification of rDNA flanking regions

To obtain the sequences flanking the rDNA arrays, we made use of
preexisting sequences adjacent to the rDNA on the proximal
(centromeric; 493 bp) (Sakai et al. 1995) and distal (telomeric;
8.3 kb) sides of the rDNA (Gonzalez and Sylvester 1997). Probes
derived from these sequences were used to screen single-chromosome
cosmid libraries, and several positive clones were sequenced.
Searches of GenBank using the resulting sequences, coupled with
BAC walking, ultimately resulted in identification of 15 BAC clones
from the distal junction (D]}, five of which include some rDNA
sequence (Supplemental Fig. 1). Similar searches identified three
BAC clones from the proximal junction (PJ), one of which includes
1DNA (Supplemental Fig. 2). These cover 379 kb of DJ sequence
and 207 kb of PJ sequence flanking the rDNA (Fig. 1A).

We sought evidence that these putative junction sequences
adjoin the rDNA. Hybridization of D] BAC clones to metaphase
chromosome spreads places these regions distal to the tDNA on the
acrocentric chromosome short arms (Fig. 1B). Further, FISH on
combed DNA molecules (Bensimon et al. 1994) clearly shows the
D] region is adjacent to the tDNA (Fig. 1C). Finally, a bioinformatic
screen confirmed that the D] adjoins the tDNA (Supplemental
Methods).

Similar evidence was more difficult to obtain for the PJ, par-
ticularly with hybridization-based approaches. Metaphase FISH
shows the PJ to be centromere proximal to the IDNA, as expected,

but additional signals are observed distal to the rDNA and on other
chromosomes (Fig. 1B; Supplemental Fig. 3), and clear signals were
not observed from DNA combing. These difficulties stem from the
high level of PJ] segmental duplication (see below). Therefore we
sought additional sequence-based evidence for the PJ adjoining
the rDNA. First, we sequenced PJ-containing cosmids to show that
the PJ is linked to at least 16 kb of rDNA (Supplemental Fig. 4). The
PJ contig has previously been identified as a chr21 short-arm peri-
centromeric region (Lyle et al. 2007). To rule out the possibility
that the PJ is adjacent to a large piece of segmentally duplicated
tDNA, we compared tDNA external transcribed spacer (ETS) and
185 rRNA coding regions adjoining the D] (a true junction) and the
PJ. If the PJ is adjacent to duplicated, nonfunctional rDN4, it
should have accumulated mutations, yet we found these PJ rDNA
sequences to be 98.8% identical to the DJ rDNA. This is much
higher identity than known 185/ETS segmental duplicates (maxi-
mum of 93.2% identity), suggesting that the PJ-linked rDNA is
intact. Finally, we implemented a bioinformatic strategy to look for
sequence reads that span the PJ/rDNA junction (Supplemental
Fig. 5). The positions of the PJ/rDNA junction in the cosmids and
BACs are slightly different, and we found both these P] junction
positions with no evidence for additional PJ junctions (Supple-
mental Methods). These results suggest that the P] adjoins the
tDNA4, although the precise junction position was found to vary
slightly among the acrocentric chromosomes (Supplemental Fig. 6).

Interchromosomal conservation of rDNA flanking regions

Previous reports suggested that the sequences distal to the rDNA
are conserved across all acrocentric chromosomes (Worton et al.
1988; Gonzalez and Sylvester 1997). Our D] metaphase FISH re-
sults are consistent with this, showing hybridization signals for all

the acrocentric chromosomes (Fig. 1B).

A The FISH also suggests that the PJ is
conserved across the acrocentric chro-
a P— o — B mosomes (Fig. 1B). To confirm this and
207kh — . 379 kb ali i ity
2 2o R to fu.rther \.alldate the integrity of the
Proximal region (PJ) rDNA Array Distal region (DJ) flanking region sequences, we screened
genomic DNA from a panel of mouse so-
B

matic cell hybrids, each containing a sin-
gle human acrocentric chromosome for
flanking region sequence. PCR at five
intervals across the DJ each gave the
expected product for all five acrocentric
chromosomes (Fig. 2A). We could not
screen across the PJ because only one
unique region is present (see below).

c Nevertheless, this region is also shared
1 i 1 [ 1 5l among all five acrocentric chromosomes
285 188 288 188 285 188 . .
— (Fig. 2A). Furthermore, screening geno-
DJ Cosmid . . .
(LAT4 138F10) mic DNA from lines containing a chr21

Figure 1. Human rDNA flanking regions. (4) Schematic human acrocentric chromosome showing
telomeric (blue) and centromeric (yellow) regions, and the NOR (black line), expanded below into
rDNA, P] (orange), and D] (green) regions. Not to scale. (B) D] and P| localize distally and proximally to
rDNA, respectively, on all acrocentric chromosomes. FISH was performed on normal human metaphase
spreads with D] BAC (red) and rDNA (green) probes (left panels), and P) BAC (green) and rDNA (red)
probes (right panel). Chromosomes are DAPI-stained. (C) DNA combing of Hela cell nucleolar DNA
shows D] (red) is physically linked to 185 rDNA (green). Three representative images are shown below

the hybridization scheme.

translocation originating within the rDNA
confirmed the orientation of the DJ and
PJ relative to the rDNA (Fig. 2A) and that
the unique PJ region is located exclu-
sively on the proximal side. These re-
sults suggest that both the D] and the PJ
are conserved across all five acrocentric
chromosomes.

To quantify how similar the DJ and
PJ regions are between the different ac-
rocentric chromosomes, we determined
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Figure 2. D| and P| acrocentric chromosome conservation. (4) PCR
performed at increasing distances (left) into the D] from mouse somatic
cell hybrids carrying a single human acrocentric chromosome (indicated
above). The right-hand lanes show PCR performed on the reciprocal
products (Xder21 and 21derX) of a chr21 translocation that eriginates in
the rDNA, confirming the D) is located distally to the rDNA. Bottom panelis
the same, but uses primers to the single unique PJ region. (B) Average
intrachromosomal and interchromosomal D] and P| sequence identities
from pairwise comparisons of representative BAC and cosmid clones are
plotted.

BAC and cosmid sequence identities from intra- and interchro-
mosomal pairwise comparisons for P] and DJ clones (Fig. 2B;
Supplemental Data 1). Intrachromosomal sequence identities ap-
proach 100% for both DJ and PJ sequences, as expected, with any
differences likely resulting from sequence error. DJ interchro-
mosomal identity averages 99.1%, suggesting there is a very active
homogenization mechanism that maintains D] sequence identity
between the acrocentric chromosomes. PJ interchromosomal se-
quence identity is lower, averaging 93.3%, with the variation
predominantly arising from interchromosomal polymorphisms
in the rDNA junction position and Alu elements (Supplemental
Fig. 6). This suggests there is also an active homogenization
mechanism that maintains P] sequences across acrocentric chro-
mosomes (Fig. 2B).

Characterization of D] and P] sequences

The DJ and PJ are uncharacterized regions of the human genome,
so we next employed a series of bioinformatic approaches to de-
termine whether they harbor genomic features of interest. Con-
sensus DJ and PJ contig sequences (Fig. 3A) were generated from
a minimum set of overlapping BACs, using BACs from the same
chromosome where possible (Supplemental Fig. 7).

To determine whether these regions primarily consist of re-
petitive elements characteristic of constitutive heterochromatin
(International Human Genome Sequencing Consortium 2004), we
characterized the repeat composition of the DJ and PJ. The trans-
posable repeat element content of both regions is similar to that of
the human genome as a whole (Supplemental Fig. 8), except for

a lack of known DNA transposons in the DJ. Both regions also
contain blocks of satellite repeats, most notably a large (38.6 kb)
block of 48-bp satellite repeats at the distal end of the DJ (Fig. 3A).
These repeats, initially classed as chr22 pericentromeric repeats
(Metzdorf et al. 1988), are now referred to as CER satellites (Jurka
et al. 2005). CER blocks are found distal to the tDNA on all acro-
centric chromosomes, with additional pericentromeric blocks on
chr14 and chr22 (Supplemental Fig. 9). Finally, we looked for novel
repeats. Two blocks of a novel 138-bp tandem repeat that we call
ACRO138 are present within the DJ (Fig. 3A; Supplemental Fig. 10).
Most strikingly, we discovered a large inverted repeat that domi-
nates the DJ (Fig. 3A). Each arm of the inverted repeat is ~109 kb,
and the two arms share an average sequence identity of 80%.
Alignment of the two arms reveals that the underlying sequence
identity is higher than this but is interrupted by a number of indels
(Supplemental Fig. 11), implying either that the inverted repeat is
young or that there are mechanisms to maintain sequence identity
between the arms.

Although these rDNA flanking regions were thought to
be heterochromatic (International Human Genome Sequencing
Consortium 2004), we wondered whether they contain any genes.
To address this, we designed a gene predication pipeline that in-
tegrates ORF prediction, mRNA, EST, and protein data to identify
potential gene-coding regions. Eight putative D] genes and four P
genes were predicted. These gene models all had support from
multiple data sources, but the majority are single exon (Supple-
mental Fig. 12; Supplemental Tables 1, 2). Experimental validation
will be required to determine which of these putative genes are
real.

Segmental duplications (duplications of DNA to elsewhere in
the genome) are a prominent feature of the human genome and
are commonly enriched at centromere boundaries (She et al. 2004;
Bailey and Eichler 2006). Given the proximity of the D] and PJ to
centromeres we undertook a segmental duplication analysis. A
number of segmental duplications (>1 kb in length and with >85%
sequence identity) were found from both regions (Fig. 3B). In-
terestingly, the DJ and PJ show different segmental duplication
patterns. P| segmental duplicates are more frequent and longer
and have greater sequence identity than DJ segmental duplicates
(Fig. 3B; Supplemental Tables 3, 4). Furthermore, the majority of PJ
segmental duplicates are found in centromeric/pericentromeric
regions of the genome as previously observed (Piccini et al. 2001;
Lyle et al. 2007), while the majority of DJ segmental duplicates are
found in euchromatic/telomeric regions (Fig. 3B). Most strikingly,
we found that the level of segmental duplicated DNA is vastly
different, with 7.3% of the DJ being segmentally duplicated versus
92.4% for the PJ (Table 1). These results demonstrate that these two
tDNA flanking regions have different genomic characteristics in
humans: The segmental duplication profile of the PJ resembles
pericentromeric regions, while that of the D] resembles euchro-
matic regions. The high level of segmental duplication likely
explains the problems encountered using hybridization-based
approaches with the PJ. Finally, this high level of segmental du-
plication prevented us from extending the PJ further, as we could
not unambiguously assign additional sequences to the PJ region.

Perinucleolar positioning of the D]

To better understand the relationship between these flanking
regions and nucleolar architecture, we analyzed DJ and P] posi-
tioning in interphase nuclei of HT1080 cells. 3D immuno-FISH
revealed that, despite their close proximity to rDNA, D] sequences
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Figure 3. D] and P] sequence characterization. (A) Major genomic features of the P| (orange) and D) (green) contigs. BACs used to construct the contigs
are shown as black lines, with BAC names and chromosomal origins indicated (chr17 annotation of AC0O11841 is incorrect). Satellites are shown in blue,
the ACRO138 repeats in red, the large D] inverted repeat as white arrows, and the rDNA array between the P| and DJ in gray. (B) Segmental duplication
analysis. Lines show segmental duplications from P| (orange) and D] (green), indicating the location of the duplicate on the human chromosomes
(arranged around the flanking regions). Positions of centromeres (yellow) and telomeres (blue) are indicated. Segmental duplicate length is indicated by

line color, as defined below.

are excluded from the nucleolar interior, instead appearing as
discrete foci embedded in the perinucleolar heterochromatin
(Fig. 4A). The majority of D] foci associate with perinucleolar
heterochromatin (Supplemental Videos 1, 2). The high level of PJ
segmental duplication makes it difficult to determine which FISH
signals derive from the PJ versus from unlinked segmentally du-
plicated regions (Supplemental Fig. 13); therefore, we focused on
the DJ for the remainder of this study.

The rDNA is transcribed by RNA polymerase | (pol-I), and
inhibition of pol-I transcription by low concentrations of acti-
nomycinD (AMD) induces rapid and remarkable nucleolar re-
organization (Hadjiolov 1985). This involves dissociation of
nascent rRNA transcripts, resulting in collapse of the rDNA repeats
into nucleolar caps that form at the nucleolar periphery and con-
sist of rDNA, pol-I transcription machinery, and processing factors
(Supplemental Fig. 14; Prieto and McStay 2007; Sirri et al. 2008).
Given the localization of the DJ, we wondered whether it has any
relationship to these nucleolar caps. Strikingly, 3D immuno-FISH
on AMD-treated cells revealed that nucleolar caps form immedi-
ately adjacent to DJ sequences positioned in perinucleolar het-
erochromatin (Fig. 4B). Although some larger nucleolar caps are
bilobed and associated with two DJ signals, it appears that the

majority of caps are derived from individual NORs. These results
suggest that the D] anchors the linked rDNA to perinucleolar
heterochromatin and that the retreat of the rDNA to the DJ upon
AMD treatment provides an explanation for the positioning of
nucleolar caps (Fig. 4B).

D] sequences can target perinucleolar heterochromatin

rDNA arrays regress to perinucleolar heterochromatin in AMD-
treated cells, rather than DJ sequences moving toward rDNA foci
within the nucleolar interior (Fig. 4). This suggests that elements
within the D] may be responsible for its perinucleolar localization,

Table 1. Segmental duplication comparison between the D)
and PJ

Segmental duplication feature D P

Number of segmentally duplicated regions 31 98

Average segmental duplicate length (kb) 23 11.8

Average percent identity between segmental 88.2% 93.1%
duplicates
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Figure 4. The D) forms a perinucleolar anchor for rDNA repeats. (4) 3D
immuno-FISH reveals that D] sequences lie in perinucleolar heterochro-
matin in HT1080 cells. Nucleoli are visualized with UBF antibodies (red)
and D| with BAC CT476834 (green). The nucleus is DAPI-stained. The
extended focus images (/eft) are stills from Supplemental Videos 1 and 2,
while the image on the right shows a single focal plane. (B) Inhibition of
rDNA transcription with AMD results in formation of nucleolar CAPs jux-
taposed with D) sequences in perinucleolar heterochromatin. Staining as
in A. Two representative cells are shown, one with an enlargement. Car-
toon models the transition between active and withdrawn rDNA upon
AMD treatment. rDNA (red) retreats from the nucleolus (black) to the D
(green) that is embedded in perinucleolar heterochromatin (dark blue).

rather than the DJ being simply linked to the rDNA. To investigate
this, we transfected HT1080 cells with a mixture of three BACs that
cover the DJ contig. Two stable clones containing large integrated
arrays of this BAC mixture were selected for further analysis. FISH
with D] BAC CT476834 and rDNA probes revealed that ectopic D]
BAC arrays had integrated into metacentric (non-NOR bearing)
chromosomes (Supplemental Fig. 15A). Quantitative PCR using
primer pairs positioned across the DJ contig revealed that the se-
quence content of the ectopic arrays reflects that of the input BAC
mixture (Supplemental Table 5). 3D FISH was performed on cells
from these clones to determine whether the ectopic DJ arrays as-
sociate with nucleoli. In order to more clearly reveal the bound-
aries of the nucleolus, cells were treated with AMD (Fig. 5). For both
clones, we observe a remarkable degree of association of the ectopic
DJ arrays with perinucleolar heterochromatin. Moreover, in the
majority of cells, the ectopic D] array appears to spread through the
perinucleolar heterochromatin, covering a significant fraction of
the nucleolar surface. Transcription from the small amounts of
rDNA derived from BAC AL592188 does not appear to explain this
localization, as silver staining (which can detect activity at NORs
with comparable rDNA content; A Grob and B McStay, in prep.)
shows no activity. Additionally, transcriptionally active ectopic

1DNA arrays (neo-NORs) that do not contain any D] sequences are
usually not associated with endogenous nucleoli (A Grob and B
McStay, in prep.). Therefore, we conclude that sequences within
the D] contig specify association with perinucleolar heterochro-
matin even when positioned on metacentric chromosomes.
(Supplemental Fig. 15B).

Chromatin profiling of the D]

Our results suggest that the DJ region plays a role in nucleolar or-
ganization. Specifically, we hypothesize that D] sequences provide
an anchor point within perinucleolar heterochromatin for the
linked rDNA array that is normally present in the nucleolar in-
terior, If so, the D] may have a chromatin organization that facil-
itates this role, To profile its chromatin organization, we mapped
available histone modification and insulator binding protein
CTCF ChlIP-seq data sets from the ENCODE Project (Ernst et al.
2011) to the DJ. Discrete patterns of enrichment were observed at
specific points across the DJ (Fig. 6A). Integration of these chro-
matin data sets using ChromHMM (Ernst and Kellis 2012) with
multiple cell types revealed a complex chromatin landscape that is
largely conserved among cell types (Fig. 6B; Supplemental Fig. 16).
Strikingly, chromatin signatures characteristic of promoters are
found at regular ~45-kb intervals across the DJ, interspersed
among marks associated with heterochromatin. The periodicity
(~45 kb) of these putative promoters is interesting, as it closely
mirrors the size of the rDNA unit. Chromatin marks indicative of
promoters (e.g., H3K4me3) coincide with DNase hypersensitive
sites and FAIRE signals (Supplemental Fig. 17), and we experi-
mentally confirmed that the H3K4me3 and FAIRE peaks are pres-
ent in the HT1080 cell line used in our immuno-FISH experiments
(Fig. 6C). The open chromatin peaks centered at 138 kb and 290 kb

Clone 1

Clone 2

Associated Partial Non-associated
< < <
Clone 1 cells
n=41 68% 21% 5%
Clone 2 cells 74% 18% 8%
n=>50

Figure 5. Ectopic D] arrays target perinucleolar heterochromatin. Po-
sitioning of D] BAC arrays. 3D FISH was performed on AMD-treated cells
from clones 1 and 2 with rDNA (red) and D) BAC CT476834 (green)
probes. The large green hybridization signals identified by arrowheads
indicate the ectopic D| array. Endogenous D] signals are also visible.
Classification of ectopic D] arrays as nucleolar associated, partially asso-
ciated, or nonassociated is indicated by white, yellow, and orange ar-
rowheads, respectively, and is quantified below.
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Figure 6. Chromatin landscape of the DJ. (A) ChIP-seq signals of different chromatin features (right) in H1-hESC cells, normalized to tags per million
mapped reads are shown below a schematic of the DJ, including inverted repeats. Asterisks indicate enrichment sites. (Bottom) Control signal is shown in
gray. (B) Chromatin states derived from the multivariate HMM analysis for seven different cell types (right). Each colored bar represents a specific chro-
matin state, as annotated below left. (C) Nucleolar H3K4me3 ChIP-PCR and nucleolar FAIRE-PCR using HT1080 cells validate the presence of H3K4me3 and
FAIRE in the DJ. D] positions of the primers used are shown to the right, and red boxes correspond to peaks of H3K4me3 from A Genomic DNA (gDNA),

input and negative controls (-ve and IgG) are shown.

correspond to the ACRO138 repeat blocks identified in the repeat
analysis (Fig. 3A). Moreover, chromatin signatures associated with
actively transcribed gene bodies (e.g. H3K36me3 and H3K20mel)
(Ernst et al, 2011) are observed extending leftward and rightward
from the promoters at 187 kb and 238 kb, respectively, (Fig. 6A).
CTCF, a multivalent DNA binding protein involved in many cel-
lular processes (Phillips and Corces 2009), has recently been shown
to be involved in the transcriptional regulation of ribosomal genes
(van de Nobelen et al. 2010) and human nucleolar organization
(Hernandez-Hernandez et al. 2012). Multiple CTCF binding peaks

were observed across the D], coinciding with CTCF consensus se-
quences (Supplemental Fig. 18). Interestingly, CTCF binding sites
are positioned close to the DJ/TDNA boundary and frame the DJ
transcription units described above. Together, these results reveal
that the DJ has a complex and structured chromatin landscape.

Transcription profiling of the D]

The chromatin profiling results suggest that despite being em-
bedded in perinucleolar heterochromatin, DJ sequences are tran-
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scriptionally active. To directly investigate transcription in the DJ,
we mapped RNA-seq, RNA Pol II, and TAF1 ChIP-seq data (from
ENCODE) and mRNA and EST data (from GenBank) onto the DJ
(Supplemental Fig. 19). Strong evidence for transcription origi-
nating from the majority of putative promoters was obtained,
confirming that the DJ is transcriptionally active. The putative
promoters at 187 kb and 238 kb in particular are supported by
multiple lines of evidence (Fig. 7A), with RNA-seq data indicating
that the transcripts from these promoters are spliced, and cDNA
clones of these transcripts being present in GenBank (accession
nos. AK026938 and BX647680). We used RT-PCR to experimen-
tally confirm the existence of these spliced polyadenylated tran-
scripts, which we term disnor187 and disnor238 (Fig. 7B). In ad-
dition, we show using RNA-seq data that they have low to medium
expression levels (Supplemental Fig. 20). The largest open reading
frames present in disnor187 and disnor238 are 120 and 144 amino
acids, respectively. Therefore their size and limited coding ca-
pacity suggest that they may function as long noncoding RNAs
(IncRNAs). We also confirmed that the ACRO138 repeats within
the open chromatin peak at 138 kb are actively transcribed (Sup-
plemental Fig. 21). These three transcripts all lie within the DJ
inverted repeat arms and, together with another putative promoter
in the ACRO138 repeat block centered at 297 kb, form a symmet-
rical arrangement of transcriptional units that mirror the inverted
repeat structure, Therefore the DJ, rather than being a passive block
of heterochromatin, shows a specific pattern of localization, a dis-
tinct genomic and chromatin organization, and transcriptional
activity.

Discussion

NORs were originally defined in 1934 as chromosomal regions that
organize formation of the nucleolus (McClintock 1934). Now ~80
yr later, we can begin to appreciate their genomic architecture. In
this study, we have identified >550 kb of sequence from the regions
flanking the rDNA array and have performed an in-depth charac-
terization of these regions. We reveal that the sequences flanking
the rDNA are conserved across all five acrocentric chromosomes
and have a complex sequence feature composition.

Sequences proximal to the tDNA almost entirely consist of
segmentally duplicated regions, like those surrounding centro-
meres (She et al. 2004), and thus are unlikely to contain nucleolus-
specific functional elements, The high level of interchromosomal

sequence conservation of the PJ, coupled with its high level of
segmental duplication, strongly suggests that, far from being a
recombinationally inert region of the genome, the PJ experiences
frequent and ongoing recombination. This recombination appears
to occur predominantly with other peri-/centromeric regions of
the genome, implying colocalization of these regions, and may be
responsible for Robertsonian translocations that appear to derive
from the pericentromeric regions of acrocentric short arms (Therman
et al. 1989) and are associated with genetic disorders. Our identi-
fication of the sequence of the PJ] provides a means to investigate
this.

In contrast, the DJ region is replete with unique sequences
and displays evidence of functionality. We show that the DJ is lo-
calized to perinucleolar heterochromatin, where it appears to an-
chor the rDNA array to this region, and sequences located within
the DJ are likely to be important for this localization. We propose
that the DJ acts as a “control panel” for the entire NOR, where it
can determine the transcriptional status of the linked rDNA array.
In this way, the D] may be involved in regulating the coalescence of
nucleoli around individual NORs. Our model is that active NORs
are localized to perinucleolar heterochromatin, where they form
nucleoli, while inactive NORs lose this localization and form silent
arrays that do not participate in nucleoli.

The sequences we describe begin to close one of the major
remaining gaps in the human genome, the short arms of the ac-
rocentric chromosomes, and their identification is an important
step toward a complete understanding of nucleolar biology. The
level of segmental duplication we observe, particularly of the
PJ, suggests that some previously identified nucleolus-associated
chromatin domains (NADs) may actually be segmental duplicates
(Nemeth et al. 2010; van Koningsbruggen et al. 2010), and our
sequences will allow a more refined picture of NADs to be de-
veloped. Additionally, the D] sequence will allow researchers to use
hybridization-based approaches to determine whether human
nucleoli contain multiple NORs (Supplemental Videos 1, 2),
something that has remained difficult to prove. The degree of
heterogeneity in nucleolar morphology observed between can-
cers (Derenzini et al. 2009) suggests that mechanisms other than
direct up-regulation of rDNA transcription have a role in the de-
velopment of malignancy. As acrocentric short arms underpin
both nucleolar form and function, we hypothesize that genetic
alterations on these chromosome arms contribute to tumorigen-
esis and other human diseases. Therefore the sequences that we
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Figure 7. D] transcript profiling. (A) ChIP-seq reveals chromatin features consistent with transcription originating from promoters at 187 kb and 238 kb
(boxed) in the D). Top four tracks are an enlargement of selected chromatin features from Figure 6A. Bottom two tracks show RNA-seq and cDNA mapping
results. Exons are indicated by blocks. These identify spliced transcripts (disnor187 and disnor238) similar to cDNA clones AK026938 and BX647690. (B)
RT-PCR using primers to detect disnor187 and disnor238 transcriptsin HT1080 cells. Random and oligo(dT)-primed RT-PCR products of the expected sizes
for spliced transcripts were produced.
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report here lay the foundations for addressing the roles that ge-
netic and epigenetic changes in the D] and P| play in human
disease, as well as providing a wealth of new tools for studying
nucleolar biology.

Methods

Genomic cosmid and BAC clones

Acrocentric chromosome cosmid libraries LA13 NCO1, LA14
NCO1, LA1S NCO1, LL21 NC02, and LL22 NC03 were obtained
from the UK HGMP resource center. To obtain cosmids spanning
the DJ, libraries were screened with a 638-bp PCR product gener-
ated using DJUf/DJUr primers (Worton et al. 1988). To obtain
cosmids spanning the PJ, libraries were screened with a 220-bp PCR
product generated using PJf/PJr primers (Sakai et al. 1995). Clone
names for D] and PJ cosmids identified and used in this study are
shown in Supplemental Figure 4. We identified BAC clones in
GenBank representing the DJ and PJ regions flanking the rDNA
using BLAST. Cosmids LA14 138F10 and N 29M24 were used as the
initial query sequences to search for BACs representing the DJ
and PJ, respectively (Supplemental Methods). BAC clones were
obtained from BACPAC Resources.

DNA sequencing and assembly

DNA sequencing of cosmid clones was performed through a com-
bination of standard Sanger and next-generation sequencing
(NGS). The sequence of the insert in cosmid LA14 138F10 and
most of the insert in N 29M24 were determined by Sanger se-
quencing. The inserts of the remaining cosmids were end se-
quenced using Sanger sequencing and then subjected to NGS.
Indexed libraries were prepared from individual cosmids using
a Nextera DNA sample prep kit and Nextera barcodes (Epicentre
NGS). NGS was performed on an [llumina Genome Analyzer IIx,
using 54-bp singleton processing (Ambry Genetics). Sequences
of cosmids were assembled using ABySS v1.2.7 (for parameters,
see Supplemental Methods) (Simpson et al. 2009). Velvet v1.101
(Zerbino and Birney 2008) was used to refine the ABySS assemblies.

Cell lines

HeLa cells and HT1080 human fibrosarcoma cells were grown in
DMEM supplemented with 10% fetal bovine serum (FBS). RPE-1
cells were maintained in DMEM:F12 medium supplemented with
10% FBS, 2 mM L-glutamine, and 0.348% sodium bicarbonate.
Mouse A9 cells containing individual human acrocentric chro-
mosomes were previously described (Sullivan et al. 2001), and
those containing X/21 reciprocal translocation products (GM09142
and GM10063) were obtained from Coriell Cell Repositories. To
generate cells that contain ectopic DJ arrays, HT1080 cells were
cotransfected using a standard calcium phosphate protocol with
BACs AL592188, CT476834, and AC011841 together with a
blasticidin selection marker in a 200:1 w/w ratio. Stable trans-
fectants were maintained as above but supplemented with 5 pg/mL
blasticidin.

FISH and 3D immuno-FISH and RNA FISH

Probes for FISH experiments were labeled using spectrum red or
green dUTP (Abbott Molecular). For chromosome mapping ex-
periments, slides of human normal male metaphase chromosome
spreads (Applied Genetics) were denatured in 70% formamide/2x
SSC for 5 min at 73°C. Slides were then dehydrated through
a 70%-100% ethanol series, washed, and air dried. Denatured

probe (50 ng/slide) combined with human COT-1 DNA (10 pg/
slide) in 20 pL/slide Hybrisol VII (Qbiogene) was then added to the
slides and allowed to hybridize for 24-48 h at 37°C in a humidified
chamber. For CER satellite detection, hybridizations were per-
formed with a §' FITC-labeled oligo and herring sperm DNA. Post-
hybridization washes were 0.4 x S8C/0.3% NP-40 for 2 min at 74°C
followed by 2 x §$C/0.1% NP-40 at ambient temperature for 1 min,
Slides were air dried and mounted in Vectashield, including DAPI
(Vector Laboratories). For 3D immuno-FISH experiments, cells
were fixed, denatured, probed, and antibody stained as described
previously (Mais et al. 2005; Prieto and McStay 2007). Z-stacks of
fluorescent images were captured using a Photometric Coolsnap
HQ camera and Volocity 5 imaging software (Improvision) with
a 63 Plan Apochromat Zeiss objective mounted on a Zeiss Axioplan2
imaging microscope. In some cases, extended focus projections of
deconvolved Z-stacks (iterative restoration) are presented; in other
cases, individual focal planes are shown, Movies (Supplemental
Videos 1, 2) were prepared from 3D images constructed from
deconvolved Z-stacks using Volocity 6 (Improvision). 3D images
were rotated to create a series of bookmarks. The movies are an
animation of the transitions between these bookmarks.

Nucleolar DNA combing

Nucleoli, prepared from Hela cells as previously described
(Andersen et al. 2002), were resuspended at a concentration of 1 X
10°to 2 x 10° cell equivalents/mL in TE (10 mM Tris at pH 8.0,
1 mM EDTA). Resuspended nucleoli were mixed with an equal
volume of 1% low melting point agarose in TE at 50°C. The
mixture was pipetted into a plug mould (BioRad, 100 pL/slot).
Embedded nucleoli were deproteinized, and encapsulated high-
molecular-weight nucleolar DNA was combed onto silanized
coverslips as previously described (Caburet et al. 2005) using
a Molecular Combing apparatus supplied by Genomic Vision
Paris, Coverslips were then hybridized with biotin-labeled D]
cosmid LA14 138F10 and a digoxygenin-labeled 5.8-kb EcoRI
restriction fragment that contains 5" ETS and 185 rRNA from
human rDNA. Hybridization and detection were performed as
described previously (Caburet et al. 2005).

Bioinformatic analyses

The bioinformatics pipeline that was used to identify potential
junction regions from whole-genome sequence data is described in
Supplemental Methods, as is the method for determining intra-/
interchromosomal sequence identity between DJ and PJ clones.

Construction and analysis of D] and PJ contigs

To construct the DJ, four BACs were merged (CT476837, CT476834,
CU633906, and ACO11841). The overlapping regions between
BACs CT476837 and CT476834 and BACs CT476834 and CU633906
are 100% identical, but the identity decreases to ~98% between
CU633906 and AC011841 (Supplemental Fig. 7A). To form the
PJ, two BACs (CR392039 and CR381535) with an identical over-
lapping region were merged to obtain a single contig (Supple-
mental Fig. 7B). The PJ is identical to that previously published
(Lyle et al. 2007) and is deposited in GenBank under accession
no. NT113958. The repeat content analysis method and the gene
identification pipeline that utilizes gene prediction, mRNA, EST,
and protein sequence data to identify potential D] and PJ genes are
both presented in Supplemental Methods. Segmental duplicates in
the D] and PJ contigs were detected using a modified BLAST-based
detection scheme called the “whole genome assembly compari-
son” (Bailey et al. 2001). The human genome assembly (hg19) was
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broken into 400-kb pieces. Repeats in this fragmented human ge-
nome and in the DJ/PJ contigs were masked using RepeatMasker
(Smit et al. 2010). DJ and PJ contigs were then matched to
the fragmented masked genome using BLAST, with a cutoff of
=85% identity >1 kb. Next, the repeats were reinserted into these
matched sequences, and global alignments were created. All steps
were performed using a series of Perl scripts (]. Bailey, University
of Massachusetts Medical School). Low identity ends of the se-
quences were identified from the alignments and trimmed. Where
the ends of two human genome fragments match a single region or
where a fragment is interrupted by repeats, these fragments were
merged together. The merged sequences were then aligned again to
recalculate the identity.

ENCODE data

ChIP-seq data for 10 chromatin marks (CTCE H3K4me1, H3K4me2,
H3K4me3, H3K36me3, H3K9me3, H3K27me3, H3K%ac, H3K27ac,
and H4K20mel) and input were obtained for seven different
cell types (GM12878, H1-hESC, HMEC, HSMM, K562, NHEK, and
NHLF) from ENCODE Broad Histone (Ernst et al. 2011), DNase-seq
and FAIRE-seq data were obtained from ENCODE UNC/Duke
(Song et al. 2011). PolyA tailed RNA-seq data were obtained for
11 different cell types (GM12878, H1-hESC, HCT-116, Hela-83,
HepG2, HSMM, HUVEC, K562, MCF-7, NHEK, NHLF) from
ENCODE Caltech RNA-seq. GenBank mRNAs and ESTs data were
downloaded from the UCSC Genome Browser (Fujita et al. 2011)
on January 1, 2012. These data were mapped to the human ge-
nome to which the DJ sequences had been added (Supplemental
Methods).

Nucleolar ChIP and FAIRE

ChIP was performed on nucleolar chromatin isolated from HT1080
cells with H4K4me3 antibodies (Millipore, catalog no. 04-745) as
described previously (Mais et al. 2005). We adapted a FAIRE pro-
tocol (Giresi et al. 2007) for cross-linked nucleolar chromatin. One
hundred microliters of HT1080 nucleolar chromatin was extracted
using an equal volume of phenol/chloroform. DNA was recovered
from the aqueous phase by ethanol precipitation and resuspended
in 100 pL of TE buffer. PCR was performed using 2 pL of recovered
DNA. DNA recovered from input nucleolar chromatin served as
a control for ChIP and FAIRE experiments.

Transcriptome profiling

Paired-end RNA-seq data from the 11 cell types was mapped to the
human genome with D] sequences added using TopHat (v1.2.0)
(Trapnell et al. 2009) with mostly default parameters (-r 50 -a 8).
We then merged the output alignments from all replicates using
SAMtools (Li et al. 2009). The result is used as the input for Cufflinks
(v1.3.0), with default parameters, to assemble the transcriptome
of the custom genome. Finally we merged all 11 assembled tran-
scriptomes, corresponding to the 11 cell types, using Cuffmerge
(Trapnell et al. 2010) to obtain the final transcriptome. We also
used this final transcriptome to estimate D] transcript abun-
dance. We used BLAT (Kent 2002) to map the mRNA and EST
data to the DJ using the parameters “~fine -q=rna -minldentity=95
-maxIntron=70000", and “-minldentity=97 -maxIntron=70000",
respectively.

Data access

The DJ contig nucleotide sequence and feature list are available in
Supplemental Data 2 and 3. Assembled D] and PJ cosmid sequences

are available from GenBank (http://www.ncbi.nlm.nih.gov/
genbank) under accession numbers KC876024-KC876030. Raw
NGS data have been submitted to the Sequence Read Archive (SRA;
http://www.ncbi.nlm.nih.gov/Traces/sra/) under accession num-
ber SRP024282.
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